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ABSTRACT 


The  development  of  a  practical  plastic  design  method  for 
composite  steel  and  concrete  members  is  dependent  upon  reliable  means 
of  predicting  rotation  capacities  of  hinging  sections.  The  unsymmetri ca I 
shape  of  the  cross-section,  together  with  such  secondary  factors  as  slip 
between  the  concrete  slab  and  steel  beam,  and  residual  stresses  and 
strain  hardening  effects  in  the  steel,  make  an  exact  moment  curvature 
analysis  impractical. 

A  method  of  analysis  based  on  simplifying  assumptions  is 
presented  for  composite  members  subjected  to  positive  bending  moment. 

An  empirical  means  Is  suggested  for  predicting  curvature  corresponding 
to  the  bending  moment  at  failure. 

Experimental  verification  is  provided  from  tests  of  four  members 
of  prototype  size.  The  test  members  were  fabricated  as  two  pairs,  each 
pair  representing  an  extreme  in  slab  to  steel  proportioning.  Theoretical 
moment  curvature  relationships,  up  to  and  including  curvature  at  the 
ultimate  moment,  provided  good  agreement  with  experimental  values. 

Other  observed  data,  including  slip,  residual  stress,  and 
slab  strain  distributions,  are  presented  for  comparison  with  previous, 
related  investigations. 
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NOMENCLATURE 


Af 


area  of  concrete  slab  Ac  *  wcdc 

As”Vds”2tf  1 

area  of  flange  of  steel  beam  Af  *  - 2  - 


area  of  web  of  steel  beam 
area  of  steel  beam 

resultant  compressive  force  at  any  cross-section 

depth  of  concrete  slab 

depth  of  steel  section 

depth  of  compressive  stress  block  at  Mu 

yield  strain  of  steel  beam 

concrete  stress  at  extreme  fibre  In  compression 
concrete  cylinder  strength  at  28  days 
yield  stress  of  steel  beam 

moment  of  Inertia  of  composite  section,  concrete 
transformed  to  equivalent  steel  area 

moment  of  Inertia  of  steel  beam 


x 


M  -  resisting  moment  of  section 


M  -  theoretical  plastic  moment 

P 

Mu  ~  theoretical  ultimate  moment 


n 


N.  A. 


0 

0 

y 

T 

ff 

fw 

X 

Y 

Y 


theoretical  yield  moment 

modular  ratio  n  =  ^stee concrete 

neutral  axis  of  the  composite  member 

curvature  of  the  composite  member 

curvature  of  the  composite  member  at  first  yielding 

resultant  tensile  force  at  any  cross-section 

flange  thickness  of  steel  beam 

web  thickness  of  steel  beam 


distance  from  neutral  axis  of  composite  member  to  extreme 
fibre  of  concrete  in  compression 

distance  from  neutral  axis  of  composite  member  to  position 
of  penetration  of  yielding  into  the  steel  beam 

distance  from  neutral  axis  of  transformed  composite  section 
to  extreme  fibre  of  steel  in  tension 
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CHAPTER  I 


INTRODUCTION 


I  - 1  Introductory  Remarks 

Since  the  beginning  of  this  century,  structural  designers  have 
appreciated  that  considerable  economies  might  be  realized  by  inducing 
the  wearing  surface  of  a  heavy  structure,  spanning  transversely  between 
its  supporting  members,  to  act  integrally  with  these  members  in  carrying 
applied  loadings.  While  this  principle  was  rapidly  developed  in  the 
case  of  the  reinforced  concrete  "T-beam"  floor  system,  it  has  been  only 
during  the  past  twenty  years  that  the  use  of  composite  steel  and  concrete 
beams  has  become  a  common  structural  method. 

A  member  to  which  the  term  "composite  construction"  usually 
refers  consists  of  a  reinforced  concrete  slab  reliably  connected  to,  and 
supported  by,  a  steel  wide  flange  or  I-section.  The  rolled  steel  shape 
may  or  may  not  be  additionally  strengthened  by  the  addition  of  a  steel 
plate  welded  to  the  lower  side  of  its  bottom  flange.  The  strength  and 
stiffness  of  such  a  beam  is  considerably  greater  than  that  of  the  steel 
member  acting  alone,  and  the  ability  of  the  reinforced  concrete  slab  to 
serve  its  primary  purposes  of  carrying  traffic,  and  spanning  laterally 
between  its  longitudinal  supporting  beams,  is  not  impaired  by  the 
composite  action. 

The  major  current  advantages  of  composite  construction  include: 
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1.  More  economical  use  is  made  of  rolled  steel  shapes  for 
heavy  structures  involving  relatively  long  spans,  such 
as  bridges  and  large  buildings. 

2.  Stiffer  floor  systems  reduce  live  load  deflections. 

3.  Shallower  required  members  increase  headroom,  resulting 
in  further  space  economies. 

4.  Shoring  is  not  necessarily  required,  resulting  in  con¬ 
struction  methods  more  flexible  and  rapid  than  those  used 
for  conventional  reinforced  concrete.  In  addition, 
absence  of  shoring  contributes  to  an  unobstructed  water¬ 
course  or  thoroughfare  in  cases  of  bridge  or  overpass 
projects. 

5.  Existing  design  methods  are  reliable,  and  relatively 
simple. 

Despite  the  above  advantages,  composite  construction,  in  its 
present  stage  of  development,  is  not  a  structural  panacea.  While 
reliable  methods  now  exist  for  designing  and  fabricating  the  required 
attachment  between  the  concrete  slab  and  steel  beam,  installation  of 
these  "shear  connectors",  as  they  are  called,  is  expensive.  As  a  resul 
the  potential  economies  of  composite  construction  usually  only  exhibit 
themselves  in  heavy  structures  with  spans  greater  than  forty  feet.  In 
addition,  the  present  early  stage  of  development  of  this  relatively  new 
method  would  Imply  that  more  sophisticated  and  economical  design  tech¬ 
niques  will  be  developed  to  replace  the  present  allowable  stress 
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approach.  Such  an  evolution  would  parallel  that  of  design  methods  in 
steel  and  reinforced  concrete,  wherein  elastic  theory  is  being  replaced 
or  supplemented  by  plastic  design  and  ultimate  design,  respectively. 
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A  composite  T-beam  exhibits  a  high  reserve  strength  after 
first  yielding  of  the  steel  member,  and  its  ultimate  load  Is  only 
reached  after  large  rotations  and  deflections  have  taken  place.  Tests 
on  simply-supported  composite  beams  conducted  at  Lehigh  University 
during  the  past  few  years  indicate  that  the  strength  of  such  members 
can  be  readily  predicted  by  ultimate-strength  theory.^* Ultimate 
design  methods  for  shear  connectors  have  been  developed,  and  verified 
experimentally.^  In  short,  a  workable  ultimate  design  theory  for 
composite  members  now  exists. 

In  view  of  the  further  possible  refinements  in  structural 
safety  and  economy  inherent  in  the  development  of  a  plastic  or  limit 
design  method  for  continuous  composite  members,  a  testing  program,  the 
first  stage  of  which  is  described  in  this  report,  has  been  initiated 
at  the  University  of  Alberta. 

1-2  Object 

The  basic  requirement  for  a  successful  plastic  design  method 
is  the  predictable  formation  of  a  plastic  hinge  at  the  section  of 
maximum  bending  moment  in  a  continuous  structure.  The  plastic  hinge 


^Numbers  in  parentheses  refer  to  references  listed  in  the  Bibliography. 
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must  continue  to  carry  this  moment,  while  rotating  sufficiently  to 
permit  further  similar  hinges  to  form  at  other  critical  sections  as 
the  loadings  increase.  It  therefore  follows  that  the  moment  curvature 
characteri st i cs  of  a  section  control  the  capacity  of  the  structure  to 
redistribute  bending  moments  to  less  highly-stressed  sections.  These 
characteri st i cs  should  therefore  be  determined  as  the  first  stage  in 
the  development  of  a  plastic  theory  for  composite  structures. 

Accordingly,  the  primary  object  of  the  investigation  reported 
herein  was  to  predict  analytically,  and  measure  experimentally,  the 
rotation  capacity  of  simply-supported  composite  beams  subjected  to 
positive  moment.  Inducing  a  predicted  degree  of  curvature  at  a 
critical  section  would  confirm  an  assumed  redistri bution  of  bending 
moments  before  failure,  and  so  would  ensure  an  adequate  factor  of 
safety  for  a  plastic  design  method.  This  philosophy  parallels  that 
used  in  the  development  of  a  plastic  design  method  for  steel  structures. 

A  secondary  objective  was  to  compare  with  the  results  of  previous 
investigations(l)'(3)  other  observed  behavior,  such  as  slip  and  uplift 
of  the  concrete  slab,  strain  distribution  across  the  slab,  and  behavior 
of  the  shear  connectors. 

These  studies  constitute  the  first,  or  pilot  stage  of  an 
anticipated  continuing  research  program  related  to  the  behavior  of  com¬ 
posite  members.  Therefore,  an  important  aspect  was  the  development  and 
fabrication  of  the  required  testing  equipment. 
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I  -3  Scope 

Time  and  financial  limitations  made  it  Impossible  to  test  in 
the  laboratory  more  than  a  few  of  the  possible  combinations  of  slab 
and  beam  sizes  and  material  properties.  It  was  therefore  proposed  that 
moment  curvature  relationships  be  developed  theoretically  for  four 
prototype-size  members,  to  be  compared  with  experimental  results 
obtained  from  actual  beam  tests.  It  was  felt  that  good  experimental 
correlation  up  to  and  including  curvature  at  failure  would  contribute 
to  making  the  theory  feasible  for  predicting  the  behavior  of  other 
hypothetical  members. 

The  scope  of  the  experimental  work  was  limited  to  the  testing 
of  two  pairs  of  beams,  each  pair  representing  an  extreme  in  dimensional 
proportioning.  Comparisons  were  made  between  the  moment  curvature  curves 
obtained  from  these  tests,  and  analytical  predictions  based  on  previous 
work  performed  at  Lehigh  Uni  versity^ ,  the  latter  modified  by  the 
author.  The  theoretical  aspects  of  the  investigation  are  presented  in 
Chapter  3. 

The  effects  of  strain  hardening  as  the  steel  members  yielded 
were  considered  beyond  the  scope  of  this  investigation,  and  were  not 
incorporated  into  the  analysis.  Similarly,  no  attempt  was  made  to 
account  for  the  influence  of  residual  stresses  caused  by  unequal 
cooling  during  the  original  manufacture  of  the  steel  wide-flange  sections. 
However,  on  the  assumption  that  some  future  investigator  might  wish  to 
incorporate  these  complicating  factors  into  a  more  refined  analysis. 
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the  residual  stresses  in  the  steel  were  measured  with  regard  to  magnitude 
and  distribution.  A  strain-hardening  strain  and  modulus  were  also  deter¬ 
mined  for  the  steel  beams  during  the  normal  course  of  obtaining  an  average 
yield  stress. 


' 
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CHAPTER  II 


REVIEW  OF  RECENT  WORK 


2- I  I ntroduction 

It  is  of  interest  to  note  that  a  primitive  type  of  com¬ 
posite  construction  was  used  before  reinforced  concrete  came  into  com¬ 
mon  usage.  This  original  composite  system,  known  as  the  Melan^  system 
was  developed  in  Europe  in  the  late  1800's.  At  this  time  it  was  noticed 
in  beam  tests  that  steel  beams  cast  in  concrete  were  able  to  carry  large 
loadings  with  less  deflection  than  similar  beams  with  no  concrete  encase 
ment.  Obviously,  bond  and  friction  between  the  steel  and  concrete  con¬ 
tributed  to  some  extent  to  making  the  materials  act  together  as  an 
integral  unit,  but  an  essential  element  of  modern  composite  construction 
the  shear  connector,  was  not  yet  in  evidence. 

The  situation  seemed  little  changed  in  1922,  when  the  Dominion 
Bridge  Company  of  Canada  conducted  tests  of  two  floor  panels,  each  con¬ 
sisting  of  two  steel  I-beams  and  a  concrete  slab.^)  The  resulting 
report  stated:  "While  such  beams  have  been  hitherto  designed  on  the 
assumption  that  the  entire  load  is  carried  by  the  steel,  it  is  thought 
that  the  steel  and  concrete  might  really  act  together  so  as  to  form  a 
composite  beam".  At  about  the  same  time,  tests  of  composite  beams 
carried  out  in  Europe  and  the  U.S.A.  indicated  reasonably  good  inter¬ 
action  between  the  steel  and  concrete.  While  early  studies  were  con¬ 
cerned  with  encased  beams,  with  interaction  provided  by  bond,  in  1923 
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at  Purdue  University  the  first  tests  were  performed  on  beams  with  natural 
bond  augmented  by  mechanical  means, (5)  At  first  these  "mechanical  means" 
were  crude,  and  consisted  merely  of  prongs  which  were  sheared  from  the 
edges  of  the  top  flange  of  the  steel  beam,  and  bent  upward  to  project 
into  the  concrete  slab. 

From  this  modest  beginning,  shear  connectors  evolved  by  means 
of  what  appears  to  be  a  process  of  trial  and  error,  through  angies, 
channels,  zees,  spirals,  and  hooked  connectors;  to  the  arc-welded  button¬ 
headed  studs  in  common  use  today.  Since  the  action  of  bond  and  friction 
between  slab  and  steel  has  been  invariably  proven  by  tests  to  be  unpre¬ 
dictable,  and  unreliable  at  large  loadings,  the  development  of  the 
easily-attached  and  reliable  stud  shear  connector  has  been  of  major 
importance  in  the  development  of  composite  design. 

Most  composite  design  today  is  performed  on  the  basis  of 
elastic  theory.  A  plastic  design  method  would  appear  to  present  a  more 
logical  basis  for  design,  and  should  be  no  more  difficult  to  handle  in 
the  design  office.  To  date,  Lehigh  University  has  been  the  major  research 
organization  working  toward  the  goal  of  a  practical  plastic  design  method 
for  composite  members. 

2-2  .  Results  of  Recent  Investigations  at  Lehigh  University 

In  1959  Lehigh  University  began  an  extended  research  program 

to  study  the  behavior  of  composite  members,  with  the  aim  of  developing 

(6) 


a  more  rational  basis  for  design  than  the  existing  elastic  methods. 
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The  original  scope  of  this  program,  conducted  at  Lehigh’s  Fritz 
Engineering  Laboratory,  was  to  investigate  the  following  aspects  of 
composite  members: 

1.  Interaction  between  beam  and  slab  due  to  bond  and 
friction. 

2.  Strength  of  shear  connectors. 

3.  Influence  of  shear  on  ultimate  strength. 

4.  Shear  connector  spacing. 

5.  Application  of  plastic  design  concepts. 

It  was  no  coincidence  that  the  initial  phases  of  Lehigh's 
investigations  concentrated  on  the  behavior  and  design  of  shear 
connectors.  The  existence  of  a  reliable  connector,  and  a  dependable 
method  for  predicting  its  behavior,  were  imperative  to  the  success  of 
further  research,  and  also  basic  to  the  experimental  portions  of  the 
studies  reported  herein. 

Stutter^"*  listed  the  following  four  fundamental  requirement 
of  a  satisfactory  shear  connector: 

1.  It  must  have  sufficient  strength  to  resist  1 00%  of  the 
horizontal  shearing  force. 

2.  It  must  prevent  vertical  separation  between  the  slab  and 
the  beam. 

3.  It  must  be  able  to  undergo  relatively  large  deformations 
before  f a i lure. 


4. 


It  must  be  easily  attached  to  the  steel  beam. 
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It  was  found  at  Lehigh  that  the  button-headed,  flux  welded  stud  shear 
connector  admirably  met  all  of  the  above  requ i rements .  This  type  of 
connector  was  used  for  the  beams  tested  at  the  University  of  Alberta. 

The  behavior  of  shear  connectors  in  a  composite  beam  is 
highly  complicated  and  literally  defies  analysis.  Therefore  the 
design  of  shear  connectors,  like  riveted  or  welded  connections,  is 
based  on  empirical  formulae  obtained  from  actual  beam  tests.  The 
investigators  at  Lehigh  therefore  made  no  concerted  attempt  to  develop 
theory,  but  based  their  recommendations  on  experimental  evidence. 

Their  major  findings  and  comments  related  to  shear  connectors  are 
summarized  in  point  form  as  fol  lows:  5 ^ 

1.  Shear  connectors  carry  almost  no  load  before  bond  failure 
between  the  slab  and  the  beam.^ 

2.  After  bond  failure  has  occurred,  shearing  forces  are 

red i stri buted  among  the  shear  connectors  without  prejud¬ 
icing  the  carrying  capacity  of  the  section.^ 

3.  if  insufficient  shear  connectors  are  provided,  the  max¬ 
imum  compressive  force  in  the  slab  cannot  reach  the  ulti¬ 
mate  strength  of  the  concrete. ^ 

4.  Stud  shear  connectors  fail  in  tension  rather  than  in  shear, 
hence  tensile  strength,  which  varies  directly  as  the  cross- 
sectional  area,  determines  the  ultimate  strength  of  the 
stud.^  The  ultimate  strength  of  stud  shear  connectors 
can  be  satisfactorily  determined  by  multiplying  the  cross- 
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sectional  area  of  the  stud  by  the  yield  point  stress  of 
the  steel i.e.  ultimate  stud  shear  strength  =  fy  x  As+ucj 
Concrete  strengths  of  3000  psi.  or  over  will  develop  the 
full  connector  strength. ^8) 

6.  The  button  head  on  the  stud  effectively  resists  uplift 
between  the  slab  and  the  beam.^) 

7.  Slip  is  to  be  expected  after  bond  failure,  as  the  connectors 
must  be  able  to  deform  sufficiently  to  redistribute  the 
compressive  force  in  the  slab.^ 

8.  The  amount  of  slip  is  not  a  function  of  span  length  or  cross 
sectional  proportions  of  the  member,  but  is  related  to  the 
number  of  connectors  used.^ 

9.  Shear  and  large  slips  do  not  affect  the  ultimate  moment 
capacity  of  a  member,  if  the  strength  of  the  shear 
connectors  is  adequate. 

0.  Extra  connectors  do  not  decrease  deflections  at  working 
load. ^  ^ 

1 .  The  type  of  shear  connector  used  does  not  affect  the  over¬ 
all  behavior  of  the  member. 

2.  Constant  or  variable  shear  connector  spacing  had  little  or 
no  effect  on  the  behavior  of  the  specimens  tested.^  The 
conclusion  was  that  there  is  no  need  to  variably  space 
shear  connectors  between  locations  of  maximum  and  zero 
moment  on  the  basis  of  the  shear  diagram,  as  the  shear 
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to  be  resisted  can  be  assumed  more  or  less  equally  distrib¬ 
uted  between  the  connectors  regardless  of  their  spacing. 

13.  Interaction  between  the  slab  and  the  steel  beam  can  be  made 

sufficiently  complete  for  an  ultimate  or  plastic  analysis 

to  be  used/®)  Shear  connector  design  recommendations 

resulting  from  Lehigh  research  were  therefore  based  on 

conditions  existing  at  ultimate  load/-5) 

Most  of  the  above  findings  were  used  in  the  design  of  the  four  members 

tested  for  this  report  (Chapter  5),  and  were  compared  where  possible 

with  observations  made  during  the  testing  process  (Chapter  8). 

Other  pertinent  results  of  the  Lehigh  investigations,  which 

are  relevant  to  this  report,  included  the  observation  that  concrete  strains 

are  almost  uniform  across  any  transverse  section  of  the  slab  at  any  stage  of 

loading  up  to  the  ultimate  load/"^  In  addition,  it  was  concluded  that  the 

( 8 ) 

full  width  of  the  slab  is  effective  in  resisting  moment.  a  further  signif¬ 
icant  conclusion  was  that  the  ultimate  load  of  a  composite  member  can  be 
quickly  and  accurately  predicted  by  ultimate  methods/1)  A  plastic  design 
method  for  composite  members  was  considered  to  be  feasible,  and,  in  view 
of  its  potential  economies  and  advantages,  also  desirable/-5) 

In  discussing  the  results  of  their  investigations,  the  researchers 
at  Lehigh  suggested  that  it  might  prove  necessary  to  limit  plastic  design 
methods  to  those  composite  structures  in  which  negative  hinges  form  first. 

This  suggestion  was  based  on  the  opinion  that  if  a  positive  hinge  were  to 
form  first,  there  would  be  danger  of  insufficient  rotation  capacity  because 
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of  crushing  of  the  concrete  slab.  This  latter  concept  relates  directly 
to  the  studies  described  in  this  report,  and  will  be  considered  in  more 
detai I  i n  Chapter  3. 

Culver^  at  Lehigh  developed  an  incremental  method  for  the 
theoretical  prediction  of  the  moment  curvature  relations  of  composite 
beams,  up  to  and  including  the  plastic  moment,  in  regions  of  positive 
bending  moment.  While  he  did  not  attempt  to  predict  the  maximum  rotation 
capacity  of  the  section  immediately  prior  to  slab  failure,  his  method  of 
approach  to  the  moment  curvature  calculations  was  of  extreme  interest 
and  value  to  the  author.  Culver's  work,  extended  by  the  author  to 
provide  an  empirical  basis  for  the  prediction  of  ultimate  curvature, 
forms  a  basis  for  the  theoretical  development  presented  in  Chapter  3 
and  Appendix  A. 
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CHAPTER  III 


THEORETICAL  MOMENT  CURVATURE  RELATIONSHIP 


3-1  Introduction 


It  was  mentioned  in  Chapter  I  that  a  fundamental  requirement 
for  the  development  of  a  successful  plastic  design  method  for  composite 
structures  is  that  the  critical  hinging  sections  shall  have  sufficient 
rotation  capacity  to  permit  additional  hinges,  and  hence  a  collapse 
mechanism,  to  forme  The  term  "rotation  capacity"  refers  to  the  ability 
of  a  structural  member  to  absorb  rotations  at  isolated  plastic  hinges 
while  continuing  to  exert  a  constant  resisting  moment.  The  required 
rotation  capacity  of  a  given  hinge  position  depends  upon  its  relative 
location  in  the  structure  and  on  the  loading.  The  last  hinge  to  form 
In  the  collapse  mechanism  would  require  no  rotation  capacity. 

It  has  been  determined  that  the  supports  of  a  completely 
restrained  stee!  beam  must  rotate  approximately  eight  times  the 
rotation  at  first  yielding  of  the  steel,  before  the  last  hinge  is 
formed. ^*0)  it  would  be  possible  to  postulate  continuous  frameworks 
in  which  the  ultimate  capacity  of  a  given  member  could  never  be  attained 
because  of  the  exhaustion  of  the  rotation  capacity  of  the  first  hinge(s) 
to  form. 

Considering  possible  situations  of  geometry  and  loading  for  a 
continuous  structure,  it  is  also  possible  to  conceive  situations  in  which 
either  a  positive  or  negative  hinge  might  form  first,  as  the  structure 
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approaches  the  failure  load.  If  it  were  possible  to  predict  the  rotation 
capacities  of  the  first  hinges  to  form,  it  could  be  determined  if  a 
plastic  design  method  is  feasible  for  the  structure  under  consideration. 
Adequate  verified  theory  has  been  gathered  to  make  plastic  design  in 
steel  a  proven  design  method/'1^  While  the  moment  curvature  relationship 
for  a  steel  beam  depends  mainly  on  the  stress-stra i n  properties  of  the 
steel  alone,  the  rotation  capacity  of  a  composite  member  in  regions  of 
positive  bending  moment  is  limited  by  the  behavior  of  the  concrete  slab. 

A  method  is  therefore  required  to  predict  the  moment  curvature  relation¬ 
ship,  including  the  amount  of  curvature  that  can  be  attained  before 
failure,  for  a  composite  member.  "Failure"  would  imply  an  abrupt  reduction 
of  moment  capacity  at  the  hinging  section,  caused  by  compressive  failure 
of  the  slab. 

For  low  loadings,  prior  to  the  first  yielding  of  the  extreme 

fibres  of  the  steel  beam,  the  moment  curvature  relationship  is  relatively 

simple.  In  this  range,  it  is  simply  a  matter  of  transforming  the  concrete 

section  to  an  equivalent  steel  area,  determining  the  neutral  axis  and 

moment  of  inertia  of  the  transformed  section,  and  applying  the  familiar 

M 

elastic  formula:  0  =  -jrp-  .  Beyond  this  elastic  range,  however,  abrupt 
dimensional  changes  in  the  cross-section  complicate  the  calculation  of 
curvature  and  moment  resistance.  These  can  now  only  be  found  after  first 
determining  the  penetration  of  p I ast i f i cat i on  (yielding)  into  the  steel 
beam,  and,  if  applicable,  the  depth  to  which  the  concrete  in  the  slab  has 
reached  its  ultimate  strength. 
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Since  the  location  of  the  neutral  axis  of  the  section  is 
continually  changing  after  first  yielding  of  the  steel  beam,  the  moment 
curvature  relationship  in  this  "elastic-plastic''  range  can  only  be  devel¬ 
oped  in  an  incremental  manner.  Culver^)  developed  such  an  incremental 
method  for  theoretically  computing  moment  curvature  curves  for  composite 
members  subjected  to  positive  moment. 

Depending  upon  the  dimensions  and  material  properties  of  the 

section.  Culver  assumed  that  there  are  thirteen  possible  stress  distrib- 

( 2 ) 

utions  in  the  elastic-plastic  range.  Considering  the  statical  equil¬ 
ibrium  of  the  horizontal  forces  acting  on  a  given  cross-section.  Culver 
developed  equations  expressing  the  moment,  curvature,  location  of  the 
neutral  axis,  and  the  compressive  force  in  the  concrete  slab,  for  each 
of  the  thirteen  distributions.  ‘  Despite  numerous  simplifying  assumptions, 
all  of  which  will  be  described  and  used  in  following  portions  of  this 
report.  Culver's  equations  were  extremely  complex  and  unwieldy. 

As  a  first  attempt  at  a  theoretical  analysis,  the  author  wrote  a 
program  in  Fortran  language  for  the  IBM  1620  computer,  using  Culver's 
equations.  The  parameters  of  the  program  were  made  such  that  beam  dimen¬ 
sions,  and  steel  and  concrete  properties  for  a  given  composite  member  could 
be  fed  into  the  program  as  data.  It  was  intended  that  the  computer  would 
then  determine  the  beam's  moment  curvature  relationship  by  progress i ve ly 
incrementing  the  assumed  penetration  of  yielding  into  the  steel  beam. 

The  program  was  written  so  that  any  composite  section  could  be  handled 
by  simply  modifying  the  data  which  the  program  would  be  called  upon  to 
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process. 

Possible  stress  distributions  for  a  member  were  to  be  considered 
by  the  computer  in  a  logical  sequence  and  checked  for  validity.  Should  an 
assumed  stress  distribution  prove  invalid,  the  program  was  designed  to 
recognize  the  situation,  proceed  to  the  next  logical  valid  stress 
distribution  and  continue. 

Unfortunately,  the  computer  program  was  not  successful  in  pro¬ 
ducing  moment  curvature  data  for  the  beam  specimens  tested  in  this  inves¬ 
tigation. 

Data  related  to  the  composite  member  which  Culver  had  studied 
was  fed  into  the  computer  program  in  an  attempt  to  "de-bug"  it,  and  good 
initial  correlation  was  obtained  with  Culver’s  results.  It  is  of  interest 
to  note  that  Culver  did  not  write  a  computer  program,  but  performed  his 
calculations  by  substituting  into  his  equations  using  a  desk  calculator. 
When  dealing  with  the  members  studied  by  the  author,  the  computer  encoun¬ 
tered  stress  distributions  which  were,  due  to  the  dimensions  and  proper¬ 
ties  of  Culver's  specimen,  bypassed  during  the  course  of  his  calculations. 

Further  attempts  to  obtain  moment  curvature  data  by  means  of 

a  computer  program  were  ultimately  deemed  impractical  for  purposes  of 

this  report,  and  were  abandoned.  However,  the  author  did  suceed  in 

obtaining  theoretical  correlation  with  his  test  results,  in  the  manner 

described  in  the  balance  of  this  chapter  and  in  Appendix  A.  While  Culver’s 

equations  were  not  used  by  the  author,  the  assumptions  used  and  method  of 

(2 ) 

approach  are  largely  based  upon  Culver’s  work. 
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3-2  Assumptions 

Many  factors  influence  the  curvature  induced  at  a  section  in 
a  composite  member  as  the  bending  moment  at  that  section  increases.  It 
is  known  that  in  actuality  the  interaction  between  the  concrete  slab  and 
the  steel  beam  is  incomplete,  and  to  date  an  exact  failure  theory  for 
composite  beams  with  incomplete  interaction  (slip)  is  non-existent. 
Concrete  is  a  dimensionally  unstable  material,  subject  to  such  phenomena 
as  shrinkage  and  creep,  and  exhibiting  non-linear  stress-stra i n  char¬ 
acteristics.  The  modular  ratio  of  steel  to  concrete,  while  a  useful 
concept,  can  be  only  empirically  determined,  and  varies  with  concrete 
properties  and  magnitude  of  stress.  Other  complicating  factors  include 
varying  yield  stresses  within  the  steel  beam,  residual  stresses  and 
stra i n-harden i ng  effects  of  the  steel.  In  addition,  the  method  and  rate 
of  loading  affect  all  of  the  above-mentioned  factors.  Further  complica¬ 
tions  exist  in  the  dimensional  nature  of  a  composite  member,  which  is 
unsymmetr i ca I  about  its  neutral  axis. 

It  is  obvious  that  if  a  theory  should  be  developed  that  would 
account  for  all  secondary  factors,  it  would  be  so  complex  so  as  to  be  of 
little  practical  use.  It  follows  that  simplifying  assumptions  must  be 
introduced  in  order  to  develop  a  useable  design  method. 

For  practical  design  purposes,  simplifying  assumptions  under¬ 
lying  theory  must  be  justified  by  the  behavior  of  the  actual  structure. 
All  reasonable  simplifying  assumptions  have  been  incorporated  into  this 
analysis  to  provide  a  starting  point  for  possible  refinements  by  future 
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investigators.  Theoretical  results  so  obtained  are  compared  with  experi¬ 
mental  results  in  Chapter  8. 

The  simplifying  assumptions  used  in  the  analysis  are  as 

fol lows: 

I.  The  Bernou I  I i -Nav i er  hypothes i s,  wh i ch  states  that  bending 
strain  is  proportional  to  the  distance  from  the  neutral 
axi s ,  is  va I i d . ^ 

2«  There  is  complete  interaction  between  the  concrete  slab 
and  the  steel  beam,  i.e.,  there  is  no  slip  or  relative 
displacement  at  the  inner  face  of  slab  and  beam. 

3.  The  stress  strain  relationship  for  concrete  is  linear  up 

to  f‘  .  Similarly,  steel  stress  is  proportional  to  strain 
%■* 

up  to  the  yield  stress  value  of  the  steel.  Beyond  these 
points  the  stress-stral n  curves  are  horizontal  for  both 
materials.  No  limiting  strain  is  assumed  for  either  steel 
or  concrete. 

4.  The  stress-stra i n  relationship  for  steel  in  bending  is 
the  same  for  tension  as  for  compression,  and  may  be 
obtained  from  standard  coupon  tension  tests. 

5.  The  effects  of  residual  stresses  and  strain  hardening  in 
the  steel  beam  are  neglected. 

6.  The  yield  stress  is  the  same  for  both  the  web  and  the  flange 
of  the  steel  beam. 

7.  The  tensile  strength  of  concrete  is  negligible. 
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8,  The  member  is  subjected  to  transverse  loads  only.  These 
loads  lie  in  the  plane  of  symmetry  of  the  cross  section. 

9.  Influence  of  vertical  shear  stress  is  neglected. 

10.  The  modulus  of  elasticity,  Ec,  for  concrete  is  taken  as 

W'-533rfT-(l3> 

11.  A  transformed  section  can  be  obtained  by  dividing  the 
width  of  the  concrete  slab  by  the  modular  ratio,  n.  The 
composite  beam  can  then  be  treated  as  a  homogeneous  steel 
beam  for  all  stages  of  loading.  This  assumption  follows 
from  the  relationship  stated  in  (3)  on  the  preceding  page. 

12.  A  simple  linear  relationship  exists  between  moment  and 
curvature  at  any  section  until  either  initial  yield  is 
reached  in  the  steel  beam  or  until  the  extreme  concrete 
fibres  reach  their  compressive  cylinder  strength. 

13.  An  equivalent  rectangular  stress  block  is  used  to  represent 

the  total  compressive  force  in  the  concrete  slab  at  failure/*^ 

14.  Flanges  of  steel  beams  are  reduced  to  an  equivalent  rec¬ 
tangular  shape. 

3-3  Method  of  So  I ut ion 

The  limit  of  elastic  action  is  assumed  to  be  reached  when  either 
the  outer  fibres  of  the  steel  beam  reach  the  yield  stress  and/or  the  outer 
fibers  of  the  concrete  slab  reach  the  compressive  cylinder  strength.  After 
this  limit  of  elastic  action  is  reached,  yielding  or  "plastif ication" 
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penetrates  into  the  steel  beam,  the  slab,  or  botho 

In  the  elastic  range,  the  moment  curvature  relationship  is 
easily  computed  by  means  of  elastic  beam  theory,  as  illustrated  in  the 
example  solution  in  Appendix  A.  However,  after  yielding  commences  and 
p I astl f i cation  begins  to  penetrate  the  member,  the  extent  of  this 
p I ast i f i cat  ion  must  be  determined  before  the  curvature  and  moment 
resistance  of  the  section  can  be  calculated.  This  problem  is  complicated 
by  the  non-rectangu I ar  shape  of  the  cross-section  of  a  steel  wide-flange 
beam. 

There  are  many  possible  stress  distributions  for  any  composite 
section  in  the  elastic-plastic  range.  Culver^  listed  the  thirteen 
possible  stress  distributions  which  are  most  likely  to  occur,  as  follows: 

1.  Neutral  axis  in  web  of  steel  beam;  part  of  bottom  flange 
of  steel  beam  plastic,  slab  elastic. 

2.  Neutral  axis  in  web  of  steel  beam;  bottom  flange  and  part 
of  web  of  steel  beam  plastic,  slab  elastic. 

3.  Neutral  axis  in  web  of  steel  beam;  part  of  bottom  flange 
of  steel  beam  plastic,  part  of  concrete  slab  at  ultimate 
strength . 

4.  Neutral  axis  in  web  of  steel  beam;  bottom  flange  and  part 
of  web  of  steel  beam  plastic,  part  of  concrete  slab  at 
ultimate  strength. 

5.  Neutral  axis  in  top  flange  of  steel  beam;  part  of  bottom 
flange  of  steel  beam  plastic,  slab  elastic. 
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6.  Neutral  axis  in  top  flange  of  steel  beam;  bottom  flange 
and  part  of  web  of  steel  beam  plastic,  slab  elastic. 

7.  Neutral  axis  in  top  flange  of  steel  beam;  part  of  bottom 
flange  of  steel  beam  plastic,  part  of  concrete  slab  at 
ultimate  strength. 

8.  Neutral  axis  in  top  flange  of  steel  beam;  bottom  flange 
and  part  of  web  of  steel  beam  plastic,  part  of  concrete  slab 
at  ultimate  strength. 

9.  Neutral  axis  in  concrete  slab;  part  of  bottom  flange  of 
steel  beam  plastic,  siab  elastic. 

10.  Neutral  axis  in  concrete  slab;  bottom  flange  and  part  of 
web  of  steel  beam  plastic,  slab  elastic. 

11.  Neutral  axis  in  concrete  slab;  part  of  bottom  flange  of 
steel  beam  plastic,  part  of  concrete  slab  at  ultimate 
strength . 

12.  Neutral  axis  in  concrete  slab;  bottom  flange  and  part  of 
web  of  steel  beam  plastic,  part  of  concrete  slab  at 
ultimate  strength. 

13.  Neutral  axis  in  concrete  slab;  bottom  flange,  web,  and 
part  of  top  flange  of  steel  beam  plastic,  part  of  concrete 
slab  at  ultimate  strength. 

The  above  thirteen  possible  stress  distributions  are  illustrated  in  FIGURE  I. 
While  it  is  obvious  from  inspection  that  no  one  composite  member  could 
possibly  encounter  all  thirteen  of  the  above  stress  distributions  during 
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the  course  of  its  moment  curvature  development,  the  categori zation  shown 
is  a  definite  aid  in  the  development  of  a  solution. 

The  first  step  in  the  solution  is  to  determine,  by  elastic 
methods,  the  position  of  the  neutral  axis,  the  curvature,  and  the 
resisting  moment,  at  first  yielding.  Due  to  the  uncertainty  of  sub¬ 
sequent  positions  of  the  neutral  axis,  and  penetrations  of  yielding, 
the  balance  of  the  solution  must  be  of  a  trial  and  error  nature. 

Because  of  the  unsymmetri ca I  nature  of  the  section,  the  neutral 
axis  after  first  yielding  will  be  located  in  either  the  upper  half  of  the 
web  of  the  steel  beam,  the  top  flange  of  the  steel  beam,  or  the  concrete 
slab.  The  next  step  in  the  solution  is  therefore  to  assume  a  general 
location  for  the  neutral  axis,  and  a  value  of  the  penetration  of  yielding 
into  the  steel  beam  and/or  slab.  These  two  assumptions  completely  fix 
the  configuration  of  the  particular  stress  distribution.^) 

Next  the  stress  distribution  must  be  reduced  to  resultant 
horizontal  tensile  and  compressive  forces  by  multiplying  the  stress  by 
the  area  over  which  it  acts.  In  order  to  satisfy  equilibrium,  the  sum 
of  these  tensile  and  compressive  forces  must  be  zero.  Solving  the 
resulting  quadratic  equation  gives  the  exact  position  of  the  neutral 
axis,  and  hence  a  check  on  whether  the  original  assumptions  of  neutral 
axis  location  and  stress  distribution  were  valid.  If  the  results  are 
incompatible  with  the  original  assumptions,  another  logical  trial  stress 
distribution  is  chosen  and  the  process  is  repeated  until  a  valid  stress 


distribution  is  obtained. 
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The  next  step  is  to  obtain  the  moment  resistance  for  the  valid 
stress  distribution  by  summing  the  moments  produced  by  the  resultant  ten¬ 
sile  and  compressive  forces  acting  on  the  cross-section,  about  the  neutral 
axis.  The  corresponding  curvature  of  the  member,  0,  can  be  obtained  by 
dividing  the  yield  strain  of  the  steel  by  the  distance  from  the  neutral 
axis  to  the  point  of  penetration  of  yielding  into  the  steel  beam. 

The  moment  curvature  relationship  for  the  section  under  consid¬ 
eration  is  obtained  by  progress i ve I y  incrementing  yielding  into  the 
steel  beam,  and  repeating  the  above  process.  Complete  moment  curvature 
calculations  for  one  of  the  members  tested  in  the  laboratory  as  part  of 
this  investigation,  are  presented  in  Appendix  A. 

There  is  no  difficulty  in  theoretically  calculating  the 
magnitude  of  the  curvature  as  long  as  the  strain  (usually  the  yield 
strain  of  the  steel)  is  known  at  a  definite  position  in  the  member's 
cross-section.  However,  after  all  of  the  beam  steel  has  yielded,  consid¬ 
erable  additional  rotation  usually  continues  to  take  place  until  the 
concrete  slab  fails.  At  this  stage,  magnitudes  of  both  steel  and  concrete 

strains  are  indeterminate,  and  the  position  of  the  neutral  axis  itself  can 

(  i  4  i 

only  be  determined  using  empirical  assumptions  based  on  ultimate  theory. 

To  the  best  of  the  author's  knowledge,  no  method  has  yet  been 
developed  for  predicting  the  magnitude  of  rotation  of  a  composite  section 
under  positive  moment  immediately  prior  to  ultimate  failure  of  the  concrete 
slab.  The  author  therefore  tentatively  proposes,  and  has  used  in  the  last 
step  of  his  analysis,  the  following  empirical  approach  to  this  problem. 
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The  curvature  of  a  composite  member  immediately  prior  to  failure  by 
crushing  of  the  concrete  slab,  can  be  predicted  by  determining  by  ultimate 
design  methods  the  position  of  the  neutral  axis  at  failure,  and  by  assuming 
a  value  of  the  strain  in  the  extreme  fibres  of  the  concrete  slab  at  failure 
of  0.0038  in. /in.  The  choice  of  a  strain  value  of  0.0038  in. /in.  was 
based  on  a  result  of  previous  investigations/-^  which  indicated  that 
crushing  of  concrete  occurred  when  the  top  fibres  of  the  slab  reached 
strains  of  that  order.  The  above  approach  showed  promise  insofar  as  the 
members  studied  under  the  scope  of  this  report  were  concerned,  and  will  be 
discussed  further  in  Chapter  8. 


\  I  '  <  ■  ot  if'  -  -  .  -•  •.;!  M.  j  to  a-iut‘ivnu:  « 

(d  '•>/  \  fi.-t  --  c  fi-  to  nol  +  l'-oq  o  -  aborSN  rt  . .> 

1  t(  •  *j  t  lc  a  'lit  .jmentx.-r  ~/1k  ni  nicnt  edt  t  o~ :  e 


;  ->i  or  riq  ;eworte  rbecncqs  i  j3<  ©riT 


%  ,  :•  "O'  e  w  t  'r.3  -  Mflt  i  y  9  r  ubnu  .  *3  r  ~ 


CHAPTER  IV 


MATERIAL  PROPERTIES 
4- I  Significance  in  Overall  Program 

The  moment  curvature  relationship  of  a  composite  steel  and 
concrete  member  depends  upon  the  method  of  loading,  the  degree  of  inter¬ 
action  between  the  beam  and  slab,  and  the  dimensional  proportions  of 
its  components.  A  further  major  factor  affecting  the  behavior  of  a 
composite  beam  is  the  physical  properties  of  the  materials  of  which  it 
is  composed. 

In  conventional  elastic  design  in  steel  or  concrete,  these 
materials  are  considered  to  be  homogeneous.  Definite  values  are  assumed 
for  their  physical  properties,  although  it  is  known  that  in  actuality 
these  properties  vary.  I ncorporat ion  of  a  reasonable  factor  of  safety 
into  the  design  makes  such  assumptions  acceptable,  since  the  limits  of 
variation  of  material  properties  can  be  controlled  by  modern  manufacturing 
methods . 

However,  in  order  to  obtain  a  realistic  evaluation  of  the  method 
of  theoretical  analysis  outlined  in  this  report,  it  was  considered  desirable 
to  know  as  closely  as  possible  the  physical  properties  of  the  materials, 
particularly  the  steel,  used  in  the  beams  tested.  For  this  reason  the 
material  tests  outlined  in  this  chapter  were  made  as  a  routine  supplement 
to  the  actual  beam  tests. 

To  perform  the  analysis  described  herein,  values  were  required 
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for  the  following  properties:  the  yield  stress  of  the  steel;  the  yield 
strain  of  the  steel;  the  modulus  of  elasticity  of  the  steel;  the 
compressive  strength  of  the  concrete;  and  the  modulus  of  elasticity  of 
the  concrete.  Since  actual  dimensions  of  the  steel  cross-section  are  not 
always  exactly  the  same  as  those  shown  in  design  handbooks,  accurate 
steel  dimensions  were  also  required.  Although  they  were  not  incorporated 
into  this  analysis,  the  stra i n-harden i ng  strain  of  the  steel,  the  strain 
-hardening  modulus  of  the  steel,  and  the  residual  stress  pattern  over  the 
cross-section  of  the  steel  beam  were  also  obtained  for  possible  future 
use. 


4-2  Steel  Properties 

The  basic  steel  shape  used  in  the  fabrication  of  all  four 
members  tested  during  this  investigation  was  a  I2WF36,  ASTM  Specification 
A36.  To  keep  the  steel  properties  as  consistent  as  possible,  all  four 
beams  were  taken  from  the  same  rolling.  Tests  for  the  physical  properties 
of  the  steel  were  performed  on  samples  taken  from  an  additional  five- 
foot  length  of  the  I2WF36,  also  taken  from  the  same  rolling. 

To  determine  all  of  the  required  steel  properties  except  cross- 
sectional  dimensions  and  residual  stress  distribution,  tensile  tests  were 
performed  on  coupons  cut  to  conform  as  nearly  as  possible  to  ASTM  Designation 
E8-6IT  (FIGURE  2).  A  total  of  six  coupons  were  tested;  two  from  the  web 
of  the  section  and  four  from  the  flanges.  All  specimens  were  tested  in  a' 

"Ba I dw i n-Tate-Emery  Universal  Testing  Machine"  of  200,000  pounds  capacity. 
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Two  electrical  resistance  "SR-4"  strain  gauges  were  mounted  on  each 
specimen  to  obtain  data  in  the  elastic  range.  With  the  intention  of 
simulating  the  incremental  loading  used  in  the  testing  of  the  actual 
beam  specimens,  coupon  loads  were  applied  in  increments  of  approximately 
6000  pounds  per  square  inch. 

To  determine  values  in  the  plastic  and  strain-hardening 
ranges,  a  "Model  TS-M  Dual  Extensometer" ,  with  an  eight-inch  gauge  length, 
was  attached  to  the  specimens  and  connected  to  an  electric  load-deformation 
recorder.  To  permit  a  reasonably  accurate  interpretation  of  the  automatic 
load-deformation  plot,  a  magnification  factor  of  eighty  was  used  for  each 
test  coupon. 

(15) 

Mild  steel  exhibits  more  than  one  level  of  yield  stress. 

For  purposes  of  this  investigation,  the  static  level  of  yield  stress  (fy) 
was  used  (zero  strain  rate),  because  it  best  simulates  most  structural 
loadings,  is  independent  of  time  (and  therefore  constant),  and  is  easiest 
to  obtain.  The  method  of  obtaining  the  value  of  the  static  yield 

stress  for  a  test  coupon  was  that  described  by  Truch:^*^  "The  load  was 
applied  at  a  very  slow  rate  until  yielding  occurred,  at  which  point  the 
load  control  vernier  was  turned  off  to  allow  the  load  to  decrease  to  a 
minimum.  Care  was  taken  to  ensure  that  strain  reversal  did  not  occur. 

The  static  yield  stress  was  read  from  the  minimum  point  recorded  by  the 
extensometer.  This  process  was  repeated  three  times  for  each  specimen, 
and  the  testing  was  then  continued  to  ultimate  load."  An  average  value 
of  fy  for  the  entire  steel  beam  was  obtained  by  weighting  each  individual 
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coupon  value  in  proportion  to  the  area  which  it  represented  in  the  beam 
cross-section. 

The  modulus  of  elasticity  of  the  steel  (Es)  was  obtained  by 
carefully  plotting  strains  obtained  from  the  SR-4  gauges  versus  the 
stresses  causing  them,  for  each  of  the  six  test  coupons.  The  slopes  of 
the  six  resulting  graphs  were  obtained  by  scaling,  then  weighted  as 
described  above,  to  obtain  an  average  value  of  Es . 

The  yield  strain  of  the  steel  (ey),  as  used  in  this  report, 
refers  to  the  intersection  between  the  elastic  portion  of  the  stress- 
strain  diagram,  and  the  horizontal  line  representing  the  static  yield 
stress.  Knowing  Es  and  fy,  ey  can  be  readily  obtained  by  the  relation¬ 
ship:  ey  =  pt-  ' 

Ls 

The  stra i n-harden i ng  strain  of  the  steel  (es-f.),  i.e.,  the 
strain  at  onset  of  stra i n-harden ing,  was  taken  to  be  the  intersection  of 
the  horizontal  line  denoting  the  static  yield  stress,  with  the  stress- 
strain  curve  in  the  strai n-harden ing  region.  Similarly,  the  strain¬ 
hardening  modulus  of  the  steel  ( Es-(- )  was  taken  to  be  the  slope  of  the 
stress-strain  curve  in  the  initial  portion  of  the  stra i n-harden i ng 
region.  Weighted  average  value  of  es-j-  and  Esf  for  the  six  test  coupons 
were  obtained  for  possible  use  by  a  future  investigator. 

The  values  of  the  above  steel  properties  are  as  follows: 

Es  =  30.2  x  I03  kips/in.2 

fy  =  38.0  kips/in.2 

Qy  =  0.00125  in./ in. 
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es|  =  0.00735  in. /in. 

Es+  =  0.430  x  I03  kips/in.2 

Complete  data  and  calculations  related  to  the  obtaining  of 
the  above,  also  mill  tests  for  the  steel,  are  filed  at  the  Department 
of  Civil  Engineering,  University  of  Alberta,  Edmonton,  Alberta. 

In  order  to  obtain  accurate  values  for  the  cross-sectional 
dimensions,  area,  and  moment  of  inertia  of  the  I2WF36,  a  transverse 
slice  approximately  one  inch  long  was  cut  from  the  steel  beam  and  milled 
on  both  sides  to  produce  a  constant  thickness.  Accurate  measurements 
of  pertinent  dimensions  were  taken  using  micrometer  calipers,  and  the 
cross-sectional  area  and  moment  of  inertia  of  the  section  were  calculated 
(neglecting  fillets)  on  the  basis  of  the  averages  of  these  measurements. 
Values  so  obtained  were  compared  with  those  tabulated  in  the  A I  SC  Steel 
Construction  Manual,  and  were  used  in  the  theoretical  analysis.  This 
dimensional  information  is  summarized  in  FIGURE  3.  A  further  check  was 
made  on  the  cross-sectional  area  of  the  steel  section  by  mi crometeri ng 
the  milled  slice  lengthwise  to  obtain  an  average  length,  weighing  it, 
and  calculating  an  area  based  on  a  unit  weight  of  steel  of  493  Ibs./ft.3 
(FIGURE  3). 

Due  to  the  varying  thickness  of  the  flanges  of  the  I2WF36,  it 
was  necessary  to  determine  the  thickness  of  an  equivalent  rectangular 
flange,  to  simplify  the  theoretical  calculations.  It  was  decided  that 
a  rectangular  flange  of  the  same  width  as  the  actual  flange,  and  0.520 
inches  thick,  would  represent  the  real  flange  for  purposes  of  analysis. 
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area:  f  0  .  ®  3  IN. 

[I  0.59  in.2] 

MOMENT  OF  INERTIA*.  2  8  3  .  2  IN 

[280.8  IN 


4 
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NOTE  s : 


8KACKITED  QUANTITIES  FROM  A.  I.S.C. 
STEEL  MANUAL 

FILLETS  NEGLECTED  IN  CALCULATIONS 


DIMENSIONAL  PROPERTIES 
OF  I2WF36  USED  FOR  TEST  BEAMS 

« 


AREA  CHECK: 

average  S.  -  o.  952'  ' 

WEIGHT  -  { 3t0.  8  GM. 

2 

AREA  =  10. #5  IN. 

[io.  S9  in.  2] 


FIGURE  3 
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Cross-sectional  dimensions  and  properties  of  the  I2WF36,  as 
used  in  the  theoretical  calculations,  are  summarized  as  follows: 

ds  =  12.28  in.  As  =  10.63  in.2 

+f  =  0.520  in.  Af  =  3.60  in.2 

tw  =  0.310  in.  Aw  =  3.43  in.2 

Is=  283.2  in.4 

Residual  stresses  are  present  in  rolled  shapes  as  a  result  of 
plastic  deformations  caused  by  differential  cooling,  cold-bending,  and 
welding.^^)  Although  these  stresses  have  no  effect  on  the  ultimate 
moment  capacity  of  a  steel  cross-section,  their  presence  causes  premature 
departure  from  a  linear  moment  curvature  relationship.  This  is  due  to 
the  fact  that  initial  yielding  of  the  steel  occurs  at  a  load  less  than 
the  theoretical  yield  load. 

The  "method  of  sections",  as  described  by  Truch/'^  was  used 
to  determine  the  residual  stress  pattern.  In  order  to  preserve  the 
original  residual  stress  pattern,  a  five-foot  length  of  the  I2WF36  was 
reserved  for  material  testing. (l6)  Small,  shallow  holes  were  drilled 
into  the  flanges  and  the  web  on  eight-inch  centers,  at  approximately  mid¬ 
length  of  the  section,  in  order  to  seat  the  gauge  points.  Distances 
between  the  gauge  points  were  measured  to  within  0.0001  inch,  using  a 
"Demec"  gauge.  Longitudinal  saw  cuts  were  then  made,  straddling  the 
holes  (FIGURE  4),  and  the  distances  were  again  measured.  The  differ¬ 
ences  between  the  final  and  initial  sets  of  readings  (including  temper¬ 
ature  effects)  were  equal  to  the  residual  strains  existing  in  the  original 
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SECTIONING  METHOD  FOR  MEASURING  RESIDUAL  STRAINS 
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steel  section. 

Residual  stresses  were  obtained  from  the  residual  strains  by 
using  the  value  of  Es  =  30.2  x  I03  kips/in.2  as  obtained  from  the 
coupon  tension  tests.  FIGURE  5  shows  the  magnitudes  and  distribution 
of  the  residual  stresses  across  the  cross-section  of  the  I2WF36.  The 
distribution  pattern  appears  reasonable,  considering  results  obtained 
by  other  investigators  for  steel  members  of  similar  size  and  shape.'®'7'1 

4-3  Concrete  Properties 

In  order  to  keep  concrete  properties  as  consistent  as  possible, 
it  was  desired  that  no  more  than  one  batch  of  concrete  should  be  used 
for  the  casting  of  any  one  test  specimen.  Because  of  the  large  quantity 
of  concrete  required  for  the  two  larger  test  beams,  the  limited  capacity 
of  the  laboratory  batching  equipment  dictated  that  "ready-mix"  concrete 
be  used.  Accordingly,  one  truckload  supplied  all  of  the  concrete  used 
in  beam  BFI,  and  members  BF2,  BWI,  and  BW2  were  all  poured  from  the 
contents  of  a  second,  later  batch. 

Although  3000  psi.  concrete  was  ordered  in  both  cases,  the 
control  test  cylinders  taken  from  both  batches  exhibited  much  higher 
compressive  strengths  than  that  specified.  The  results  of  standard 
cylinder  compressive  tests  carried  out  during  the  period  of  the  testing 
program  are  summarized  as  follows: 
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28-day  test: 


Beam  BFI 

4880  lb. /in. 

5440  Ib./in. 
5360  Ib./in. 


Immediately  prior 
to  beam  test: 


5770  Ib./in. 


5710  Ib./in. 
5640  Ib./in. 


Beams  BF2 ,  BWI,  &BW2 

4580  lb. /in. ^ 

4560  Ib./in.2 
4600  Ib./in.2 


2 

4530  Ib./in.2 

2 

4690  Ib./in.2  r 

2 

4580  Ib./in.2 

/ 

X 

4530  Ib./in.2 

4610  Ib./in.2  r 

4710  Ib./in.2 

u 

BF2 


BWI 
&  BW2 


For  the  analysis,  the  values  of  f<I  were  rounded  to: 
fc  =  5.50  kips/in. ^  for  members  BFI, 

f  =  4.50  kips/in. ^  for  members  BF2,  BWI,  and  BW2. 

The  modulus  of  elasticity  of  the  concrete  (Ec)  was  determined 
by  using  the  most  recent  ACI  Code  formula:  Ec  =  wl,333 VTJ  where 

w,  the  unit  weight  of  the  concrete,  was  considered  to  be  145  lbs. /ft. 3 
The  following  values  of  Ec  were  thereby  obtained: 

Ec  =  4.29  x  103  kips/in.2  for  members  BFI, 

Ec  =  3.88  x  103  kips/in.2  for  members  BF2,  BWI,  and  BW2, 

Values  of  the  modular  ratio,  n,  obtained  by  substituting  the 

Es 

above  values  into  the  formula  n  =  — = —  ,  were  7.04  and  7.78  respectively. 

tc 

However,  supplementary  concrete  compressive  tests  taken  on  job-cured 
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control  cylinders  tested  as  high  as  6360  lbs. /in. 2  for  beam  BFI,  and 
5170  lbs. /in. 2  for  beams  BF2,  BWI,  and  BW2.  This  indicated  that  the 
concrete  in  the  test  beams  was  stronger  than  the  standard  tests  on  the 
moist-cured  cylinders  indicated.  It  was  therefore  decided,  for  purposes 
of  the  theoretical  moment  curvature  calculations,  to  round  the  above 
values  of  n  to  6.5  for  beam  BFI,  and  to  7.5  for  beams  BF2,  BWI,  and 
BW2. 

All  concrete  used  had  a  maximum  aggregate  size  of  3/4  inch, 
and  a  slump  of  three  inches. 
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CHAPTER  V 


DESIGN  AND  FABRICATION  OF  TEST  BEAMS 
5- 1  Proport i on i ng  of  Test  Specimens 

Time  and  material  limitations  dictated  that  the  experimental 
testing  be  confined  to  four  composite  beams  of  prototype  size.  In 
order  to  check  on  consistency  of  results  the  four  test  specimens  were 
fabricated  as  two  pairs,  each  pair  as  nearly  indentical  as  possible. 

To  obtain  a  maximum  range  of  information  from  test  data, 
each  pair  of  test  beams  was  intended  to  represent  an  extreme  in  relative 
slab  size.  On  this  basis,  a  6"  x  42"  concrete  slab  was  used  for  the 
larger  pair  of  test  beams,  designated  BFI  and  BF2.  The  smaller  pair, 
designated  BWI  and  BW2,  had  3"  x  12"  slabs.  These  slab  proportions, 
together  with  the  chosen  size  of  the  steel  beam,  satisfied  one  further 
desired  criterion,  i.e.,  that  the  neutral  axis  of  the  larger  beams 
should  lie  within  the  slab  at  failure  and  that  the  neutral  axis  of 
the  smaller  beams  should  lie  in  the  web  of  the  steel  beam  at  failure. 

Concrete  strength  was  not  intended  to  be  a  variable.  However, 
through  an  inconsistency  in  the  strength  of  the  commercial  ready  mix 
concrete  used  for  all  four  test  specimens,  the  concrete  in  member  BFI 
was  considerably  stronger  than  that  in  members  BF2,  BWI,  or  BW2 
(See  Chapter  4).  This  variation  in  concrete  strengths  required  that 
one  additional  set  of  moment  curvature  calculations  be  performed,  but 
had  no  detrimental  effect  on  the  investigation. 
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Nominal  temperature  reinforcing  steel,  proportioned  as 
recommended  by  the  ACI  Code,^^  was  placed  on  chairs  at  mid-depth 
of  each  slab  before  pouring.  This  reinforcing,  which  was  included 
only  for  purposes  of  controlling  shrinkage  cracks,  consisted  of  #3 
deformed  bars  placed  both  longitudinally  and  transversely.  Because 
of  the  minute  amounts  of  temperature  steel  used,  all  members  were 
designed  and  analysed  using  the  assumption  that  the  slabs  were  un¬ 
reinforced. 

The  lengths  of  the  test  specimens  were  established  with  a 
view  of  ensuring  that  the  capacity  of  the  laboratory  loading  equip¬ 
ment  would  be  adequate  to  develop  sufficient  bending  moment  at  midspan 
to  fail  the  members.  The  beam  steel  was  cut  long  enough  to  overhang 
the  supports  by  one  foot  at  each  end,  to  provide  room  for  attachment 
of  formwork,  and  also  to  provide  for  attachment  of  lifting  arms  to 
move  the  specimens.  Steel  beam  lengths  are *i nd i cated  in  FIGURE  6 
and  FIGURE  7. 

In  designing  the  members,  the  ultimate  moment,  the  position 
of  the  neutral  axis  at  failure,  and  the  compressive  force  in  the  slab 
at  failure,  were  all  determined  by  ultimate  design  methods  paralleling 
those  illustrated  in  Step  10  of  Appendix  A.  The  internal  couple  method 
used  is  similar  to  ultimate  strength  design  in  concrete.  Since  exact 
values  of  the  steel  and  concrete  properties  were  not  known  at  the  time 
of  the  design  of  the  test  specimens,  fy  was  estimated  at  39.0  kips/in.2, 
f£  at  3000  lbs. /in. 2  The  actual  values  of  the  material  properties  were 
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used  during  the  final  theoretical  analysis  of  the  members,  as  illus¬ 
trated  in  Appendix  A. 

The  major  consideration  in  the  design  of  the  shear  connectors 
was  that  the  ultimate  moment  of  the  composite  member  must  not  be  re¬ 
duced  by  premature  failure  of  the  shear  connectors.  Because  of  their 
ease  of  application,  proven  dependability,  and  the  simplicity  of  deter¬ 
mining  their  ultimate  capacity^),  headed  stud  shear  connectors  were 
chosen  for  all  four  members  tested. 

In  designing  the  shear  connectors,  the  slab  was  isolated 
between  sections  of  zero  and  maximum  moment,  and  the  equilibrium  of 
the  slab,  considered  as  a  free  body,  was  investigated.  The  compressive 
force  C  in  the  slab  at  the  location  of  the  ultimate  moment  tends  to 
push  the  slab  along  the  face  of  the  top  flange  of  the  steel  beam. 

The  shear  connectors  provided  must  resist  this  force  and  maintain  the 
slab  in  equilibrium,  as  illustrated  in  FIGURE  8. 

One-half  inch  diameter  x  2  inch  long  headed  stud  shear 
connectors  were  chosen  for  members  BWI  and  BW2,  and  7/8  inch  x  4  inch 
connectors  were  used  for  BFI  and  BF2.  Using  formulae  developed  at 
Lehigh  University  for  ultimate  strengths  of  headed  stud  shear  connectors( 
it  was  assumed  that 

qu  =  930d2/  fjl 
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qu  =  220hd/"f(L 

for  h/d  less  than  4.2 
where: 

%  =  ultimate  strength  of  one  connector  in  shear, 
in  pounds. 

d  =  diameter  of  shear  connector,  in  inches. 

n 

f<2  =  28-day  concrete  strength,  in  lbs. /inf 
h  =  height  of  shear  connector,  in  inches. 

To  ensure  that  the  members  would  not  fail  because  of  inadequate 
shear  connector  capacity,  a  load  factor  of  1.5  was  applied  to  the  calcu¬ 
lated  compressive  force  C  in  the  slab  at  ultimate  moment,  and  the  ratio 
I  5C 

— 1 —  was  used  to  compute  the  number  of  shear  connectors  required  for 
each  test  specimen  between  the  sections  of  maximum  and  zero  moment.  The 
values  calculated  for  qu  were  12  kips/connector  for  the  1/2"  x  2" 
studs  and  39  kips/connector  for  the  7/8"  x  4"  studs. 

Previous  experimental  evidence  has  shown  that  the  aggregate 
strength  of  a  group  of  shear  connectors  is  unaffected  by  spacing  the 
connectors  equally.^  Therefore  the  studs  were  spaced  equally  for 
all  test  beams.  The  maximum  stud  spacing  was  kept  to  within  six  times 

(  Q  ) 

the  slab  thickness  in  order  to  prevent  loss  of  Tee-beam  action.  * 

Stud  spacing  is  illustrated  in  FIGURE  6  and  FIGURE  7.  (See  also  PLATE  I.) 

For  the  anticipated  reaction  loads  (approximately  40  kips  per 
reaction),  the  possibility  of  web  crippling  of  the  steel  beams  was 
investigated.  Although  conventional  elastic  design  methods  allow  a 
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(A)  BEAM  BFI :  FORMWORK  AND  STUD  SHEAR  CONNECTORS 


(B)  BEAMS  BWI,  BW2,  AND  BF2: 
FORMWORK  AND  TEMPERATURE  REINFORCING 


PLATE  I 
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maximum  web  shear  of  54  kips  for  a  I2WF36,  i/2  inch  x  2  1/2  inch  web 
stiffeners  were  nevertheless  provided  over  each  support  to  prevent 
distortion  in  case  of  possible  misalignment  of  the  web  between  the 
f I anges. 

The  detailed  design  calculations  for  the  test  beams  are  filed 
at  the  Department  of  Civil  Engineering,  University  of  Alberta,  Edmonton, 
A I berta. 

5-2  Formwork 

The  basic  element  used  in  the  fabrication  of  the  formwork 
was  3/4  inch  plywood,  supported  by  "Dexion"  slotted  angles  for  members 
BFI  and  BF2,  and  by  plywood  supports  for  members  BWI  and  BW2.  Illus¬ 
trations  (A)  and  (B)  of  PLATE  I  indicate  the  arrangement  of  formwork 
for  all  four  members.  "Dexion"  225  angles  were  used  for  the  horizontal 
supporting  arms,  which  were  spaced  on  four  foot  centers,  and  for  the 
longitudinal  perimeter  supports.  The  struts  and  their  diagonal  braces 
consisted  of  "Dexion"  112  angles. 

The  major  problem  in  designing  the  larger  forms  was  to 
ensure  positive  anchorage  of  the  horizontal  supporting  arms  against 
lateral  movement.  This  was  accomplished  by  bolting  the  horizontal 
supporting  arms  to  3"  x  3"  fir  blocks,  cut  exactly  to  fit  between  the 
flanges  of  the  steel  beam.  These  blocks  were  securely  held  in  place 
by  1/4"  x  I"  x  3"  hardwood  (oak)  wedges,  driven  firmly  with  a  mallet 
immediately  prior  to  pouring  the  concrete. 
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To  ensure  uniform  bearing  of  the  plywood  on  the  supporting 
angles,  it  was  necessary  at  some  places  to  kerf  its  underside  with  a 
radial  saw,  in  order  to  miss  bolt  heads. 

The  completed  formwork  was  fashioned  to  make  the  underside 
of  the  concrete  slab  flush  with  the  top  surface  of  the  steel  beam. 

Before  pouring,  all  forms  were  given  a  generous  coating  of 
form  oil.  The  form  for  member  BFI  could  thus  be  dismantled  in  sections, 
and  re-used  for  beam  BF2.  Forms  for  BWI  and  BW2  were  easily  and 
effectively  stripped  with  the  aid  of  a  crowbar, 

5-3  Casting  and  Curing 

The  concrete  was  poured  by  means  of  contractor’s  dump  bucket 
attached  to  the  laboratory’s  travelling  crane. 

After  dumping,  the  concrete  was  vibrated  with  an  electric, 
immersion-type  vibrator,  and  then  was  screeded  and  floated.  Steel 
trowelling  just  prior  to  initial  set  produced  a  smooth,  uniform 
surface,  suitable  for  the  mounting  of  Demec  gauge  points. 

After  initial  set,  the  members  were  sprayed  with  "Horncure 
Clear"  curing  compound,  and  allowed  to  cure  in  their  forms  for  one 
week  before  stripping.  After  removal  of  forms,  all  members  were  left 
to  cure  on  the  laboratory  floor  for  approximately  seven  additional 
weeks  before  being  tested. 

Standard  6"  x  12"  control  cylinders  were  cast  in  steel  moulds 
for  each  beam  poured.  Test  cylinders  representing  each  beam  were  divided 
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I  n+o  two  groups.  One  group  was  cured  in  the  laboratory  moist  room; 
the  other  group  was  coated  with  curing  compound  and  left  in  its  moulds 
on  the  laboratory  floor  until  tested. 
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CHAPTER  VI 


TESTING  EQUIPMENT 


6-1  Reactions 


The  reaction  blocks  used  in  the  beam  tests  were  developed 
to  simulate  as  nearly  as  possible  idealized  support  conditions,  i.e., 
a  hinge  at  one  reaction  and  a  rol ler  at  the  other.  All  of  the  reaction 
apparatus,  with  the  exception  of  the  existing  heavy  roller  mechanism, 
was  designed  specifically  for  this  project. 

The  reactions  were  each  designed  for  a  maximum  point  load  of 
40  kips,  and  were  fabricated  in  a  commercial  machine  shop.  The  concrete 
support  pedestals  were  formed  and  cast  in  the  laboratory.  The  spacing 
and  projection  of  the  pedestal  anchor  bolts  were  made  such  that  they 
could  be  lifted  and  moved  by  bolting  on  the  same  6  x  4  x  5/8  lifting 
angles  used  to  lift  the  test  specimens. 

PLATES  2(A),  2(B),  3(A),  and  3(B),  also  FIGURE  9,  illustrate 
the  supporting  elements  for  the  test  beams.  Complete  design  notes, 
also  detailed  drawings  used  for  the  fabrication  of  the  reaction  apparatus, 
are  filed  at  the  Department  of  Civil  Engineering,  University  of  Alberta. 

6-2  Loading  System 

Since  the  effects  of  shearing  force  on  the  moment  curvature 
relationship  of  composite  members  were  not  a  part  of  this  study,  it  was 
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PLATE  2 


(A)  TESTING  ARRANGEMENT 


(B)  HINGE  SUPPORT 
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(A)  ROLLER  SUPPORT 


(B)  ROLLER  SUPPORT  DURING  TEST 


PLATE  3 
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decided  to  load  the  test  beams  In  such  a  manner  as  to  induce  a  region 
of  uniform  positive  moment  and  zero  shear  over  the  central  four  feet 
of  the  test  beams.  This  was  accomplished  by  applying  two  equal  point 
loads,  each  two  feet  to  either  side  of  the  beam's  midlength,  by  means 
of  hydraulic  jacks  reacting  against  a  loading  frame.  The  loads  from 
the  jacks,  which  were  centered  on  the  test  specimen's  longitudinal 
centerline,  were  transmitted  to  the  top  of  the  slab  by  means  of  12- 
inch  diameter  by  I -inch  thick  spreader  plates  set  in  plaster  of  Paris 
to  prevent  crushing  of  the  concrete.  The  jacking  system  is  illustrated 
in  PLATE  4(A). 

The  loading  frame,  permanent  laboratory  equipment,  was  rigidly 
attached  to  the  loading  bed  by  means  of  high-strength  steel  bolts 
through  its  column  base  plates. 

Amsler  hydraulic  loading  apparatus  was  used,  in  which  a 
pendulum  dynamometer  applied  and  measured  the  pressure  in  the  loading 
jacks.  Through  a  hydraulic  linkage,  the  deviation  of  the  pendulum 
from  its  normal  vertical  position  was  a  function  of  the  force  applied 
to  the  member  through  each  jack.  The  pendulum  was  linked  to  a  dial 
on  the  load  control  console,  on  which  the  load  per  jack  could  be  read 
directly.  The  loading  console  is  shown  at  the  left  of  PLATE  2(A).  Each 
of  the  two  jacks  used  had  a  loading  capacity  of  44  kips. 

The  complete  loading  system  is  shown  schematically  in  FIGURE  9. 

It  was  realized  that  the  amount  of  travel  available  in  the 
pistons  of  the  jacks  would  not  be  sufficient  to  produce  the  large  deflections 
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(A)  JACKING  SYSTEM 


(B)  BEAM  BFI : 


PARTIAL  INSTRUMENTATION 


PLATE  4 
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anticipated  at  failure.  It  was  therefore  necessary  to  devise  a  method 
whereby  the  test  beam  could  be  he ! d  in  a  deflected  configuration  while 
the  jacks  were  being  lengthened.  This  was  accomplished  by  preparing 
in  advance  a  four-inch  diameter  pipe  column,  cut  to  suitable  length 
and  milled  square  at  the  ends.  When  it  was  necessary  to  lengthen  the 
jacks,  this  pipe  column  was  inserted  at  mid-length  of  the  test  specimen, 
to  bear  on  a  bearing  plate  on  the  slab  surface  and  on  the  underface 
of  the  crossarm  of  the  loading  frame.  Since  it  was  only  necessary  to 
extend  the  jacks  once  during  the  course  of  a  test,  this  method  worked 
satisfactorily.  Considerable  care  was  taken  to  center  the  pipe  as 
accurately  as  possible,  to  reduce  the  possibility  of  any  eccentricity 
while  the  column  was  under  load. 

The  members  were  moved  by  means  of  a  large  cable  sling, 
attached  by  hooks  to  holes  in  the  ends  of  6  x  4  x  5/8  lifting  angles, 
which  In  turn  were  bo i ted  to  the  top  flange  of  the  steel  beam  at  each 
extreme  end  of  the  member.  For  reasons  of  safety,  the  lifting  sling 
was  left  slackly  attached  to  both  the  member  and  to  the  hook  of  the 
laboratory  travelling  crane  during  testing.  The  positive  brake  on  the 
overhead  crane  ensured  that  should  the  member  fall  from  its  supports,  it 
could  not  fall  more  than  a  few  inches  before  being  arrested.  The 
arrangement  of  the  sling  and  lifting  arms  may  be  seen  in  PLATES  2(A) 


and  5(B). 
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6-3  I nstrumentat ion 

In  Instrumenting  the  test  specimens,  the  primary  object  was 
to  obtain  reliable  values  of  the  magnitude  of  the  curvature  at  midspan 
for  all  ranges  of  bending  moment  up  to  failure.  In  addition,  secondary 
Instrumentation  was  Incorporated  Into  each  member  to  measure  relative 
slip  and  uplift  between  the  concrete  slab  and  top  flange  of  the  steel 
beam. 

It  was  decided  that  It  would  not  be  possible  to  measure 
rotations  accurately  through  all  ranges  of  loading  by  any  one  measuring 
system.  For  low  loadings,  while  deflections  were  small  and  strains  In 
the  beam  steel  remained  In  the  elastic  range,  magnitudes  of  rotation 
were  obtained  from  strain  values  given  by  SR-4  electrical  resistance 
strain  gauges  mounted  on  the  web  and  flanges  of  the  steel  beam.  For 
higher  loading  ranges,  after  the  be, am  steel  began  to  plasticize,  SR-4 
readings  were  considered  to  be  no  longer  reliable.  However,  at  these 

higher  loadings,  deflections  had  reached  appreciable  magnitudes,  which 
could  be  measured  by  optical  methods  to  yield  the  amount  of  curvature 
in  the  region  of  uniform  bending  moment. 

In  addition  to  the  above  two  methods,  an  attempt  was  made  to 
measure  the  relative  rotation  between  two  neighboring  cross-sections 
at  midspan  by  means  of  rotation  indicators.  Each  indicator  consisted 
of  two  "Dexion"  225  angle  "arms"  approximately  thirty  inches  long,  and 
two  dial  gauges  reading  to  0.001  inch.  The  "arms”  were  symmetrically 
attached  to  the  top  and  bottom  flanges  of  the  steel  beam  at  midspan 
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by  means  of  bead  welds-  The  distance  between  the  points  of  attachment, 
measured  parallel  to  the  longitudinal  axis  of  the  beam,  was  made  6.50 
inches,  and  the  vertical  distance  between  the  two  dial  gauges  was  18.00 
inches.  The  upper  dial  gauge  was  mounted  at  the  same  elevation  as  the 
lower  face  of  the  bottom  flange  of  the  steel  beam.  Since  the  unit 
curvature  at  a  section  is  equal  to  the  measured  angle  divided  by  the 
distance  between  the  points  of  attachment  of  the  two  arms  (6.50  inches), 
a  simple  relationship  was  obtained  between  dial  readings  and  curvature. 
The  rotation  arms  are  shown  in  PLATE  4(B). 

Overall  views  of  the  instrumentation  employed  in  the  beam 
tests  are  shown  in  FIGURES  10  and  II. 

Before  mounting  the  SR-4  gauges,  all  rust  and  mill  scale  was 
removed  from  the  steel,  and  the  surface  ground  smooth  and  free  from 
pits.  The  surface  was  then  polished  with  emery  cloth,  after  which  it 
was  thoroughly  cleaned  with  trichloroethylene.  "Budd  GA-I"  SR-4  gauges 
were  then  carefully  cemented  in  position  with  "Budd  GA-I"  contact  cement, 
and  the  mounted  strain  gauges  were  examined  for  the  presence  of  air 
bubbles.  AM  gauges  were  checked  with  an  ohm  meter  for  possible  short- 
circuiting  before  wiring,  and  defective  gauges  were  replaced. 

After  the  concrete  slab  had  cured,  Demec  gauge  points  were 
attached  with  sealing  wax,  after  first  grinding  the  slab  surface  smooth 
at  the  mounting  points  with  a  disk  sander.  Uniform  eight-inch  spacing 
between  sets  of  points  was  achieved  by  using  a  Demec  spacer  bar.  Slab 
strains  between  the  gauge  points  were  measured  with  a  Demec  gauge  reading 
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to  0.000!  Inch. 

After  the  beams  were  set  in  place  in  the  loading  frame,  lead 
wires  from  the  gauges  were  connected  to  a  "Ba I dwi n-Lima-Hami I  ton"  20- 
point  switching  unit,  bridged  for  zero  ohms*  Strain  readings  were 
taken  to  0*00001  with  a  "Ba I dwi n-Lima-Hami Iton  Type  N,  SR-4  Strain 
indicator"*  Temperature  compensation  was  achieved  by  means  of  a  dummy 
gauge  mounted  on  a  small  steel  plate* 

To  determine  beam  deflections,  12-inch  steel  rules  with 
0*01  inch  divisions  were  hung  from  pins  set  in  the  side  of  the  top  flange 
of  the  steel  beam.  These  rules  were  placed  over  each  support,  at  midspan, 
and  at  each  loading  point  (two  feet  to  either  side  of  midspan).  Deflection 
readings  were  taken  throughout  the  testing  by  means  of  five  "Cooke"  precise 
surveyor's  levels,  one  for  each  rule. 

Slip  and  uplift  between  the  slab  and  the  top  flange  of  the 
steel  beam  were  determined  by  means  of  "Ames"  dial  gauges  reading  to  0.001 
Inch.  The  dial  gauges  were  attached  to  the  steel  beam  using  magnetic 
mounts,  and  were  seated  on  clip  angles  fastened  to  the  concrete  slab  by 
bolts. 

Several  days  before  testing,  the  webs  of  the  steel  beams  were 
coated  at  midspan  with  whitewash  for  the  purpose  of  indicating  "yield 
lines"  in  the  steel  during  the  formation  of  a  plastic  hinge.  (PLATE  5(A)). 

After  all  instrumentation  was  completed,  it  was  checked  by 
applying  loads  up  to  approximately  one-third  of  the  theoretical  yield 
load.  During  this  preliminary  testing,  readings  on  ali  gauges  were  checked. 
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(A)  BEAM  BFI,  SHOWING  YIELD  LINES  ON  WEB 
IN  PLASTIC  HINGE  AREA 


(B)  BEAM  BFI  DURING  TEST 


PLATE  5 
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For  all  members  these  preliminary  tests  consistently  indicated  satisfactory 
functioning  of  the  instrumentation  systems,  with  the  exception  of  the 
rotation  arm  instrumentation,  which  produced  erratic  results. 
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CHAPTER  VII 


BEAM  TESTS 


7-  ^  Testing  Procedure 

Because  of  the  length  of  time  required  to  instrument  and  pre¬ 
pare  each  member  for  testing,  the  four  beam  tests  were  performed  at  the 
rate  of  one  per  week.  It  took  approximately  seven  hours  to  test  a  beam. 

A  total  of  six  men  were  required  to  perform  each  test.  One  man 
continuously  operated  the  Amsler  loading  console  to  maintain  the  desired 
loading  increments.  A  second  man  recorded  the  SR-4  strain  gauge  readings. 
The  third  read  and  recorded  dial  gauge  readings  from  the  rotation  arms, 
also  deflection  values  from  the  five  surveyor’s  levels,  and  maintained  a 
continuous  plot  of  load  per  jack  vs.  centerline  deflection.  The  fourth 
man  read  and  recorded  from  all  slip  and  uplift  dial  gauges.  The  fifth  man 
obtained  the  concrete  slab  strains  using  a  Demec  gauge,  took  photos,  and 
generally  directed  the  testing.  The  sixth  man  recorded  the  Demec  gauge 
readings,  and  traced  crack  patterns  on  the  concrete  slab  as  the  test 
progressed. 

The  running  load-deflection  plot  was  used  as  a  guide  in 
determining  load  increments  during  testing,  on  the  assumption  that  such 
a  curve  is  similar  in  shape  to  a  moment  curvature  curve.  Sufficient 
sets  of  readings  were  required  to  produce  a  well-defined  moment  curvature 
curve.  It  was  also  considered  desirable  to  avoid  unduly  prolonging  the 
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test.  By  trial  It  was  found  that  a  satisfactory  compromise  consisted 
of  increasing  the  loading  in  increments  of  four  kips  per  jack  in  the 
early  stages  of  the  test,  two  kips  per  jack  during  the  intermediate  loading 
range,  and  one  kip  per  jack  immediately  prior  to  failure.  The  anticipated 
failure  moment  had  been  previously  predicted  by  ultimate  design  methods. 

After  sufficient  loading  had  been  applied  to  cause  yielding  in 
the  steel  beam,  it  was  found  that  a  waiting  period  was  required  before 
recording  the  various  readings,  to  permit  plastic  deformation  to  occur 
and  the  gauge  readings  to  stabilize.  As  the  first  beam  test  progressed, 
it  was  obvious  that  this  waiting  period  would  be  at  least  one  hour,  an 
unrealistic  length  of  time  if  the  testing  of  a  member  was  to  be  completed 
within  one  working  day.  It  was  found  that  the  waiting  period  could  be 
reduced  to  approximately  fifteen  minutes  by  the  simple  expedient  of 
exceeding  each  load  increment  by  ten  percent  for  a  period  of  one  minute 
and  then  easing  off  the  load  to  the  exact  increment  desired.  This  pro¬ 
cedure  was  followed  for  all  members  tested,  with  satisfactory  results. 

A  full  set  of  readings  were  taken  after  each  load  increment.  All  beam 
tests  were  carried  to  failure. 

Because  of  the  large  deflections  at  failure,  it  was  necessary 
to  lengthen  the  loading  jacks  once  during  each  test,  as  outlined  in 
Chapter  6. 

PLATE  5(B)  shows  beam  BFI  during  testing. 
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7-2  Test  Results 

All  original  data  gathered  during  the  four  beam  tests  is  filed 
at  the  Department  of  Civil  Engineering,  University  of  Alberta,  Edmonton, 
Alberta.  This  data  was  reduced  and  is  presented  in  graphical  form  for 
each  of  the  four  beam  tests  in  four  general  categories  as  follows: 

(1)  Strain  distributions  over  the  total  depth  of  the  composite 
member  for  the  full  range  of  loadings  (FIGURES  12,  13,  14 
and  15). 

(2)  Bending  moment  vs.  curvature  (FIGURES  16,  17,  18,  and  19). 

(3)  Magnitudes  of  strain  transversely  across  the  surface  of 
the  concrete  slab  at  midspan,  for  increasing  values  of 
bending  moment  (FIGURES  20  and  21). 

(4)  Distributions  of  slip  between  the  concrete  slab  and  the 
top  flange  of  the  steel  beam,  for  increasing  values  of 
bending  moment  (FIGURES  22  and  23). 

PLATE  6(A)  shows  the  progression  of  cracking  through  the  slab 
for  beam  BF2  shortly  prior  to  failure.  The  cracking  pattern  shown,  with 
transverse  cracks  on  the  underside  of  the  slab  at  approximately  every 
six  inches,  was  characteristic  of  members  BFI  and  BF2.  A  closeup  view 
of  the  yield  line  pattern  formed  on  the  whitewashed  web  of  beam  BFI  is 
shown  in  PLATE  5(A).  PLATE  6(B)  presents  a  top  view  of  the  slab  of  beam 
BF I  after  fa i I ure. 

The  plots  of  strain  distributions  through  the  depths  of  the 


. 


.  •  ' .  \  /•  .  .  1  r  7 


''  i  *:•  -  ... 


r  7.''  ■  .=  -  i  i  !  •  d  •..>< 


'  «  d  i  e !  {  orl-t  t< > 


68 


i 

o 

z 


K 

ttf 

a. 

8) 

U 

z 

o 

z 

0 

k 

u 

« 

s 

z 


10 

z 

< 

£ 

H 

» 


CM 


LU 

CL 

D 

O 

u. 


h. 

CD 

< 

UJ 

CD 

I 

z 

< 

CL 

U) 

Q 

i 

h 

< 

(/) 

z 

o 

H 

D 

m 

CL 

H 

CD 

Q 

Z 

< 

£L 

h 

cn 


69 


Mos-o 

8Y"I8  K-LdBOj 


TiT-r 

,,00  f 

• 

fs. 

* 

O 

o 

^ — - - 

,,^1*9 

- 

,  ,8^  *1 


,,00 ‘9 


r> 


J 

2« 

0  1 

0-1 

■ 

ha 

•-< 

h 

OJ 

0  k 

CD  0 

■'O  Hi«u]M8!  ’Jl  r 

h. .  . 


“« 
?0< 
0  <J 
J  V.k. 


CM 

lL 

CD 

£ 

< 

U 

DO 

I 

Z 

< 

Q. 

If) 

Q 


H 

< 

(/) 

Z 

o 

H 

D 

CD 

a: 

t— 

cn 

□ 

z 

< 
a : 

i- 

O) 


70 


0 

z 


z 

o 

z 


oe 

W 

0. 


« 

W 

I 

u 

z 

0 

It 

u 


w 

z 

< 

c 

h 

« 


Li 

a 

D 

o 

Ll 


$ 

CD 

< 

Lu 

CO 


Z 

< 

Q. 

cn 

□ 

H 

< 


Z 

o 

I- 

D 

CD 

a: 

»- 

O) 

Q 

z 

< 

a: 

H 

(/) 


71 


m 


o  o 

O  Q 


Ixl 

CC 

D 

o 

lx 


STRAIN  DISTRIBUTIONS  AT  MIDSPAN  -  BEAM  B  W  2 


72 


o 


<x> 

Q 

X 

X 

o 

z 


e 

tii 

o. 


IB 

Z 

< 

Q 

< 

K 


W 

e 

3 

H 


E 

3 

U 


E  e!  I  M  -•  1  C  O  j  1N3  WOW 


ouisNia 


LD 

LlI 

DC 

D 

o 

u. 


u 

DC 

D 

H 

<. 

> 

cc 

D 

(J 


t- 

Z 


o 


2  2 


< 
_!  LlI 
<  QQ 

H 

Z  I 


LlI  H 


< 


0) 

> 


_l 

LlI 

DC 


< 

O 

f~ 

LlI 

DC 

o 

LlI 

X 

h 


/• 


73 


o 


UJ 

X 

D 

O 

Ll 


\) 


THEORETICAL  VS.  EXPERIMENTAL  MOMENT  CURVATURE 

RELATIONSHIP  -  BEAM  BF2 
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THEORETICAL  VS..  EXPERIMENTAL  MOMENT  CURVATURE 

RELATIONSHIP  -  BEAM  BWI 
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STRAIN  DISTRIBUTION  ACROSS  SLAB  SURFACE  AT  MIDSPAN 

BEAMS  BFI  AND  BF2 
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STRAIN  DISTRIBUTION  ACROSS  SLAB  SURFACE  AT  MIDSPAN 

BEAMS  BWI  AND  B  W  2 
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SLIP  DISTRIBUTIONS  -  BEAMS  BFl  AND  BF2 
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(A)  BEAM  BF2,  SHOWING  SLAB  CRACK  PATTERN 
NEAR  ULTIMATE  MOMENT 


(B)  BEAM  BFI :  SLAB  FAILURE 


PLATE  6 
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members  (FIGURES  12,  13,  14,  and  15)  were  made  directly  from  SR-4  and 
Demec  gauge  readings  taken  during  the  course  of  the  testing.  The  bending 
moments  at  midspan  shown  for  each  plot  were  computed  from  the  corres¬ 
ponding  jack  loadings,  corrected  to  include  the  effect  of  the  dead  weight 
of  the  member.  Bending  moments  at  midspan  shown  on  all  subsequent  figures 
were  also  corrected  to  include  the  effect  of  the  dead  weight  of  the  par¬ 
ticular  beam  under  consideration,  as  were  corresponding  curvatures. 

SR-4  strain  gauge  readings  which  varied  from  a  straight-line  strain  dis¬ 
tribution  through  the  depth  of  the  steel  beam,  are  shown  dotted  on  the 
figures.  These  latter  strain  readings  were  considered  to  be  unreliable 
due  to  excessive  yielding  of  the  steel,  and  were  not  used  in  the  processing 
of  results. 

The  experimental  moment  curvature  curves  shown  in  FIGURES  16, 

17,  18,  and  19  were  computed  for  the  lower  loading  ranges,  directly  from 
differences  in  SR-4  gauge  readings  at  known  depths  in  the  steel  section, 
i.e.,  for  those  loadings  for  which  the  SR-4  readings  were  considered  to 
be  reliable.  For  higher  loadings,  at  which  magnitudes  of  deflection 
become  appreciable,  it  was  possible  to  determine  curvatures  by  deflection 
criteria.  This  was  accomplished  by  assuming  that  the  deflected  shape  of 
the  member  in  the  region  of  constant  bending  moment,  i.e.,  between  loading 
points,  assumed  a  deflected  configuration  in  the  shape  of  a  circular 
arc.  Referring  to  the  following  sketch,  differences  in  deflection  at 
centerline  and  loading  points  (Ay)  were  converted  to  correspondi ng  cur¬ 
vatures  in  radians  per  inch  (0),  as  follows: 
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r2  =  x2  +  y2  . 

R  =  y  +  Ay 
y  =  R  -  Ay 

y2  =  R2  -  2RAy  +  (Ay)2  .... 
substituting  (2)  into  Q: 

R2  =  X2  +  R2  -  2RAy  +  (Ay)2 

2Ray  =  X2  +  (Ay)2 

r  =  X2  +  (Ay)2 
2Ay 

0  =  J_  =  2Ay .  . 

R  X2  +  (Ay)2 

but  X  =  24  inches 

Ay  is  small,  and  (Ay)2— ►O 
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substituting  into  (5) 


CHAPTER  VIII 


DISCUSSION  OF  TEST  RESULTS 

8- I  Correlation  With  T heoret i ca I  Predictions 

In  addition  to  the  observed  experimental  moment  curvature 
values,  a  plot  was  made  of  the  theoretical  moment  curvature  relation¬ 
ship  for  each  member.  The  theoretical  curve  was  plotted  beside  the 
experimental  curve  for  each  of  the  four  beams  tested,  to  provide 
a  comparison  between  actual  test  results  and  those  based  on  the 
theoretical  assumptions  outlined  in  Chapter  3  (FIGURES  16,  17,  18 
and  19).  -The  method  of  calculation  used  in  obtaining  these  theoretical 
curves  is  shown  in  example  form,  for  member  BFI,  in  Appendix  A. 

In  view  of  the  many  simplifying  assumptions  incorporated 
into  the  theoretical  analysis,  the  agreement  between  predicted  moment 
curvature  curves  and  those  representing  experimental  results  was 
good.  FIGURES  16,  17,  18,  and  19  indicate  consistency  of  results 
among  the  four  beams  tested.  In  each  case  the  actual  ultimate  moment 
exceeded  the  theoret i ca I  I y-pred i cted  ultimate  moment  by  a  margin 
ranging  from  6%  for  beam  BW2  to  15$  for  BFI.  From  the  shape  of  the 
experimental  curves  it  would  appear  that  strain  hardening  of  the 
steel  beams,  the  effects  of  which  were  not  included  in  the  analysis, 
outweighed  the  effects  of  slip  and  creep  in  the  concrete  to  produce 
an  increased  resistance  to  moment  during  the  last  stages  of  loading. 
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At  loadings  near  ultimate  this  Increased  moment  resistance  appears  to  be 
proportional  to  the  curvature  induced  in  the  member. 

Examination  of  each  of  the  four  sets  of  moment  curvature  curves 
shows  early  divergence  of  the  experimental  curve  from  the  initial  I y- 
straight  theoretical  curve.  This  was  to  be  expected,  as  the  effects  of 
slip,  and  premature  yielding  of  the  steel  in  the  test  beams  due  to  residual 
stresses,  would  tend  to  reduce  the  members'  resistance  to  rotation  at  low 
loadings.  As  the  loadings  and  hence  bending  moments  increased,  the  initial 
slips  between  steel  beam  and  slab  were  arrested  by  the  shear  connectors, 
enabling  the  components  to  act  in  a  more  effective  composite  manner  to 
resist  rotations.  Since  no  known  method  exists  for  ensuring  complete 
interaction  between  the  elements  of  a  composite  section,  the  theoretical 
curves  would  appear  to  provide  an  upper  bound  to  the  moment  curvature 
relationship  at  loadings  below  those  precipitating  strain  hardening  in 
the  stee I . 

The  convergence  of  the  theoretical  and  experimental  moment 
curvature  graphs  as  curvature  increases,  is  no  doubt  partially  due  to  the 
spread  of  the  plastic  zones  toward  the  neutral  axis.  This  latter  action 
would  remove  the  residual  stresses  from  an  increasing  proportion  of  the 
steel  cross-section  and  the  actual  case  would  thus  nearer  approach  the  one 
assumed  in  theory. 

The  empirical  criterion  used  to  determine  the  theoretical 
value  of  curvature  at  ultimate  moment  gave  excellent  correlation  with 
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experimental  results  for  beams  BFI  and  BF2.  The  agreement  was  not 
quite  as  good  for  beams  BWI  and  BW2.  The  margin  by  which  the  actual 
curvature  at  failure  for  beams  BW2  and  BWI  exceeded  that  predicted 
by  theory  may  have  been  due  to  increased  capacity  for  deformation 
imparted  to  the  slab  by  the  longitudinal  temperature  reinforcing  steel. 
While  the  area  of  this  steel  was  nominal  (  2  #3  deformed  bars),  its 
presence  was  disregarded  in  the  theoretical  calculations,  and  its 
effect  on  the  behavior  of  the  beams  may  have  been  significant.  From 
an  overall  viewpoint,  however,  the  limited  results  to  date  would 
indicate  that  the  approach  used  yielded  consistently  conservative  and 
realistic  estimates  of  the  ultimate  rotations  obtained  in  the  test 
beams. 

8-2  Comparison  With  Results  of  Previous  Investigations 

It  would  appear  that  there  have  been  no  previous  studies 
paralleling  the  work  discussed  in  the  previous  section.  While  this 
precluded  comparisons  in  a  direct  sense,  it  was  felt  that  other  aspects 
of  behavior  observed  during  the  testing  should  be  compared  with  per¬ 
tinent  results  obtained  by  other  investigators,  to  give  an  indication 
of  the  effectiveness  of  the  program  and  the  validity  of  the  results  so 
obtained. 

The  major  aspects  of  behavior  noted  in  this  regard  were  the 
distribution  of  strain  across  the  surface  of  the  slab  at  midspan  at 
increasing  values  of  bending  moment  (FIGURES  20  and  21);  and  variations 
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in  slip  along  the  length  of  the  member  (FIGURES  22  and  23).  In  all 
cases  these  observed  behavior  patterns  compared  very  well  with  those 
noted  for  similar  members  by  investigators  at  Lehigh  Uni versity 
As  illustrated  in  FIGURES  21  and  22,  the  strain  distribution  across 
the  surface  of  the  slab  remained  virtually  uniform  for  all  ranges  of 
loading.  Similarly,  the  slip  distribution  patterns  plotted  at  Lehigh 
were  almost  identical  to  those  plotted  in  FIGURES  22  and  23. 

Somewhat  large  slab  surface  strains  were  noted  before  failure 
durfng  the  testing,  averaging  in  the  order  of  0.0050  in. /in.,  compared 
with  0.0039  in. /in.  observed  at  Lehigh/3^  Concrete  compressive 

O 

strengths  for  the  beams  tested  were  approximately  1000  lbs. /in. 
greater  than  those  at  Lehigh,  but  otherwise  there  appears  to  be  no 
obvious  explanation  for  this  difference  in  ultimate  slab  strains.  With 
the  exception  of  slab  strains  at  failure,  none  of  the  phenomena  observed 
during  testing  digressed  from  those  noted  by  previous  investigators,  as 
summarized  in  Chapter  3. 

8-3  Other  Characteristics  of  Behavior 

As  the  jack  loadings  and  hence  bending  moment  at  midspan 
tncreased,  yielding  in  each  of  the  steel  beams  was  traced  by  the  upward 
progression  of  the  expected  45°  yield  line  pattern  on  the  whitewashed 
web.  This  is  illustrated  Sn  PLATE  5(A)  for  beam  BFI.  The  photo  was 
taken  at  a  loading  near  ultimate  (392  foot-kips),  and  indicates  that 
a  plastic  hinge  extended  beyond  the  point  of  loading  (which  was  directly 
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above  the  steel  rule),  several  feet  toward  the  support,  i.e.,  to  the  right. 

As  yielding  progressed  upward,  visual  observations  indicated  that  the 
major  portion  of  the  beam  deflection  was  caused  by  rotation  at  midspan. 

As  the  plastic  hinge  began  to  form,  the  deflected  shape  of  the  beam 
changed  from  a  smooth  curve  to  a  configuration  consisting  of  two  slightly- 
curved  portions  interconnected  by  a  short  sharp  curve  at  midspan.  (PLATE 
5(B)).  Because  of  these  sharp  changes  of  curvature  at  midspan,  it  was 
obvious  thata  plastic  hinge  did  in  fact  form  in  each  member  tested.  Although 
this  would  imply  that  shear  connectors  adjacent  to  the  plastic  hinge  were 
subjected  to  large  deformationa I  loads,  the  shear  connectors  appeared  to 
function  as  designed,  in  an  entirely  satisfactory  manner.  The  very  small 
observed  uplifts,  ranging  from  a  maximum  of  0.005  inches  for  beam  BWI 
to  0.02i  inches  for  beam  BFI,  were  considered  to  be  negligible,  and  indicated 
that  the  button-headed  stud  shear  connectors  effectively  prevented  vertical 
separation  between  the  beam  and  slab. 

It  was  noticed  for  each  beam  tested  that  a  longitudinal  crack 
developed  in  the  concrete  slab  at  midspan  as  the  loadings  increased,  extend¬ 
ing  at  failure  to  approximately  the  quarter  points  of  the  span.  This  crack¬ 
ing,  which  followed  almost  exactly  the  longitudinal  centerline  of  the  member, 
was  also  noted  during  tests  at  Lehigh. ^  The  Lehigh  investigators  attributed 
this  phenomenon  to  transverse  bending  moments  which  develop  in  the  slab  as 
the  ultimate  moment  is  approached,  causing  large  transverse  deformations  in 
the  slab.  They  suggested  that  increasing  the  transverse  temperature  rein¬ 
forcing  steel  in  the  slab  at  midspan  to  perhaps  #5  bars  at  6-inch  spacing. 
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would  prevent  these  cracks  from  forming. 

All  failures  of  the  test  members  were  character! zed  by 
crushing  and  spalling  of  the  concrete  slab  between  the  loading  points 
(PLATE  6(B)).  However,  in  each  case  failure  was  preceded  by  warning 
In  the  form  of  rapidly  Increasing  midspan  deflections  due  to  yielding 
of  the  steel  in  the  plastic  hinge  area.  Beams  BFI  and  BF2  gave 
additional  warning  of  impending  failure  in  the  form  of  rapidly-opening, 
upward  progressing  tensile  cracks  in  the  underside  of  the  slab  as  the 
ultimate  moment  was  approached  (PLATE  6(A)).  These  cracks  presumably 
coincided  with  the  upward  shifting  of  the  neutral  axis  with  increasing 
bending  moment,  and  were  therefore  not  observed  in  members  BWI  and 
BW2,  in  which  the  neutral  axis  remained  in  the  web  of  the  steel  beam 
at  failure.  Strain  distributions  plotted  in  FIGURES  12  to  15  indicate 
the  upward  progression  of  the  neutral  axis  as  bending  moment  at  midspan 
i ncreased. 

The  overall  efficacy  of  the  shear  connectors  was  noted  in  the 
small  slips  recorded  during  the  tests.  Slips  at  the  ends  of  the  beams 
were  negligible  (FIGURES  22  and  23),  and  showed  no  change  after  failure 
of  the  members.  All  uplifts  were  negligible. 

Midspan  deflections  at  failure  were  approximately  seven  and 
one-half  inches  for  beams  BFI  and  BF2.  Beams  BW!  and  BW2  each 
deflected  approximately  four  and  one-half  inches  at  failure.  These 
deflections  were  accompanied  by  horizontal  outward  movement  of  the  roller 
support,  which  is  apparent  in  PLATES  3(A)  and  3(B)  for  the  case  of  beam 


.  .  .  -  il 
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BFI.  This  horizontal  movement  ultimately  reached  I  5/8  inches  during 
the  tests-  of  beams  BFI  and  BF20 


CHAPTER  IX 


CONCLUSIONS  AND  RECOMMENDATIONS 


9- 1  Cone  I  us  Ions 

The  most  significant  conclusions  based  on  the  results  of 
this  investigation  are  summarized  as  follows: 

(1)  The  moment  curvature  relationship  of  a  composite  steel 
and  concrete  member  subjected  to  positive  moment  can  be 
predicted  by  the  simplified  analytical  methods  described 
in  this  report.  It  would  appear  that  results  so  obtained 
are  not  precisely  accurate  at  ultimate  moment  for 
composite  beams  with  very  small  concrete  slabs.  The 
methods  proposed  do,  however,  appear  to  give  a  conser¬ 
vative  indication  of  the  rotations  to  be  expected  in  a 
conventionally-proportioned  composite  beam  at  working 
loads,  and  also  the  ultimate  rotation  capacity  of  the 
member  at  failure. 

(2)  The  increase  in  I oad-carry i ng  capacity  of  a  composite 
member  due  to  stra i n-harden i ng  in  the  steel  beam  at 
loadings  near  ultimate  appears  to  be  proportional  to  the 
rotation  induced  at  the  plastic  hinge. 

(3)  The  uniform  distribution  of  strain  across  the  slab  of 

a  composite  beam  justifies  the  consideration  of  the  full 
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panel  width  of  the  slab  acting  with  the  steel  beam 
in  resisting  bending,, 

(4)  Ultimate  concrete  slab  strains  in  excess  of  0.0050  in. /in. 

✓ 

may  be  developed  in  a  composite  steel  and  concrete  member 
In  flexure. 

(5)  Slip  between  the  concrete  slab  and  the  steel  beam  does 
not  prevent  a  composite  member  from  developing  its 
theoretical  ultimate  moment,  provided  that  the  strength 
of  the  shear  connectors  is  adequate. 

(6)  Residual  stresses  in  the  steel  beam  do  not  influence 
the  ultimate  moment,  but  they  do  change  the  pattern  of 
progressive  yielding  of  the  steel,  and  hence  affect  the 
moment  curvature  relationship. 

Conclusions  pertinent  to  the  experimental  procedure  used  in 
this  investigation  are  summarized  as  follows: 

(I)  With  the  exception  of  the  "rotation  arms",  instrumentation 
designed  to  measure  rotations,  slips,  deflections,  and 
concrete  and  steel  strains,  functioned  favorably.  Excellent 
agreement  was  obtained  between  rotations  calculated  from 
SR-4  strain  gauge  data  and  those  computed  from  deflections  at 
midspan  and  at  the  loading  points. 

9-2  Recommendations 


The  empirical  approach  described  herein  for  predicting  the 
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ultimate  curvature  of  a  composite  member  should  be  checked  for  validity 
by  applying  the  method  to  results  obtained  by  other  i nvestigators. 

Since  the  conclusions  outlined  In  this  report  are  based  on  the  testing 
of  only  four  members,  loaded  in  an  idealized  manner  to  produce  a  region 
of  uniform  moment  and  zero  shear.  It  would  seem  that  further  beam  tests 
should  also  be  performed.  It  is  recommended  that  such  further  tests 
incorporate  further  variations  in  member  cross  sections  and  loadings. 

For  example,  a  single  point  loading  system  might  be  used  to  produce 
a  region  of  moment  gradient,  where  large  local  unit  angle  changes  are 
restricted  to  a  relatively  short  length  of  beam.  This  would  perhaps 
be  a  more  realistic  loading  condition  than  that  causing  a  region  of 
"pure  moment",  as  introducted  into  the  sections  tested  for  this  report. 

The  latter  situation  would  be  unlikely  to  occur  in  an  actual  structure. 

The  practicality  of  increasing  rotation  capacity  by  the 
inclusion  of  compressive  steel  in  the  slab  in  the  region  of  the  plastic 
hinge  might  also  be  Investigated. 

If  the  development  of  a  plastic  design  method  for  composite 
members  is  to  become  a  reality,  it  will  be  necessary  to  test  the 
behavior  of  continuous  structures,  in  which  negative  hinges  form  at 
the  supports.  This  would  indicate  the  advisability  of  developing  negative 
moment  capacity  by  the  inclusion  of  reinforcing  steel  in  the  slab,  and 
determining  the  ultimate  capacity  and  moment  curvature  relationship  of  this 
type  of  section.  The  effectiveness  of  this  negative  steel  in  controlling 
the  large  slab  cracks  to  be  expected  in  a  negative  moment  region  should 
also  be  investigated. 
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APPENDIX  A 


CALCULATIONS  FOR  THEORETICAL  MOMENT  CURVATURE  RELATIONSHIP 


A- I  Introduction 


The  following  presents,  in  outline  form,  the  method  used  by 
the  author  for  the  solution  of  the  theoretical  moment  curvature  relation¬ 
ship  for  member  BFI,  one  of  the  four  beam  specimens  tested.  While  all 
steps  in  the  solution  are  shown,  routine  intermediate  numerical  calculations 
have  been  omitted  for  purposes  of  brevity,  in  places  where  their  exclusion 
does  not  detract  from  a  clear  explanation. 

Complete  original  calculations  for  each  of  the  four  beams  tested 
are  filed  at  the  Department  of  Civil  Engineering,  University  of  Alberta, 
Edmonton,  Alberta. 
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A- 2  Data,  Beam  BFI 


W, 


=  5.50  klps/ln.2 
fy  =  38.0  kips/In. 2 

e y  =  0.00125  I n . / 1 n . 
n  =  6.5 
As  =  10.63  in.2 
Af  =  3.60  In.2 
Aw  =  3.43  in.2 


wc  =  42.0  In. 
dc  *  6.00  in. 

ds  =  12.28  In. 

tf  ■  0.520  In. 

tw  =  0.310  in. 

I  =  283.2  In.4 


*Refer  to  Nomenclature,  page  x,  for  explanation  of  symbols  used 
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A-3  Example  Solution,  Beam  BFI 

Step  I :  -  Assume  that  first  yielding  of  steel  occurs  before  extreme 

concrete  fibres  reach  f^. 

-  Assume  that  neutral  axis  at  first  yielding  lies  In  concrete 
slab. 

-  Solve  for  position  of  neutral  axis;  0y  and. My. 

N.A.  by  transformed  section: 


N.A. - 

X 
__  \ 

<vi 


± 

1 

42.0  x  X2  =  10.63(12.14  -  X) 
6.5  2 

X2  =  40.0  -  3.29X 
X  =  4.88" 

then  Y  =  18.28"  -  4.88"  =  13.40" 


NA. 


I> 


. 
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Check  fc  at  first  yielding: 

f  =  13 — 4o"  x  “n —  kips/in.  =  2.13  kips/in.  <5.50  kips/in. 
Then  initial  assumptions  were  correct. 

Sol ve  for  I ,  0,  and  : 

I  =  I  +  A  (  12.  14  -  X)2  4  x  +  — c  J*S2 
s  5  n  12  n  \2) 

=  283.2  in.4  +  560  in.4  +  62.7  in.4  +  188  in.4 

I  =  1094  in.4 

0  =  fX  =  P-iPPJPP . Ln„ •/, i.n. •_  =  0.0000933  rad i  ans/ i  n . 

y  13.40  in. 

My  =  =  38.0  kips/in. 2x  1094  in.4  =  259  ft. -kips 

V  13.40  in.  x  12  in. /ft. 

Summary: 
y  =  13.40  in. 

0y  =  0.0000933  radians/in.  “< - 

M  =  259  ft. -kips.  -4 - — 

N.A.  lies  in  the  concrete  slab,  yielding  in  the  bottom  flange 
is  incipient,  and  fc  <fc* 

Step  2:  -  Allow  yielding  of  the  steel  to  progress  through  the  bottom 

f I ange. 

-  Assume  fc  ^  f<i . 

-  Determine  position  of  N.A.;  0,  and  M. 


. 


. 
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Strain  Distribution: 


I  nterna I 
Forces : 
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Referring  to  the  above  diagram  of  internal  forces,  the 
resultant  forces  acting  on  flanges  and  web  of  the  steel 
beam,  and  on  the  concrete  slab,  were  determined  by  means 
of  similar  triangles,  as  follows: 

I  =  Affy 


T 


1T.7€> 


lilt  x€<.  rto»  Ism^tn  i  to  me^pf  ib  ©voda  oHI  of  (anlviotcH 
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(6-52  -  X)  x  x  (6.52  -  X)+ 
( 17.76  -  X)  2 


w 


X 


f 


42.  OX 


C  =  - 


(17.76  -  X)  2  n 

For  equilibrium,  T,  +  T2  +  T3  =  C.  Simplifying,  substituting 
known  quantities,  and  solving  gives  X  =  4.86  in. 

Check  fc: 


x  kips/i  n.^  =  2.20  k i ps/ i n . 2  <  f • 


4.86 


fc  (17.76  -  X) 


n 


Then  initial  assumptions  were  correct. 

Checking  accuracy  of  calculations  by  substituting  X  =  4.86  in. 
into  equations  for  T|,  T2,  T3,  and  C: 

T,  =  136.8  kips 
T2  =  74.6  kips 

=  I  4.9  ki ps 

ST  =  226.3  kips  C  =  225  kips 

Then  check  of  equilibrium  is  satisfactory. 

Solve  for  0  and  M: 


(17.76  -  X) 


fv _  =  0.0000970  radians/in. 


i  t  ■  ,  6 1  r 


<?.*•  •  -T 
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Each  of  the  resultant  forces  T|,  T2,  T3,  and  C  contributes 
to  M  as  fol lows: 


v 


T |  x  (17.76  -  X  +  ^x  .! 


12 


=  150.0  ft. -kips 


V 


fy 

2 


/  |  -7  -,r  vu  w  Y  2(17.76  -  X) 
(17.76  -  X)  tw  x  x - ^ -  x 


12 


(6.52  -  X)  x  !y.  X  (6.52  -  X)  t 
(17.76  -  X)  2 


w 


w  2(6.52  -  X)  ,  I 
x  -  x  |2 


=  54.6  ft. -kips 


T3:  T3  x  (6.26  -  X)  x  ~ 

C:  C  x  |x  x  -L- 


=  1.7  f t . -ki ps 

=  60.7  ft. -kips 

M  =  267  ft. -kips 


Summary: 

X  =  4.86  in. 

0  =  0.0000970  radians/in.  -4 - 

M  =  267  ft. -kips  — 

N.A.  lies  in  the  concrete  slab,  yielding  has  progressed  to 
the  bottom  of  the  web,  and  f  <  f  ’ . 


Step  5:  -  Allow  yielding  of  the  steel  to  progress  some  arbitrary  distance 

up  the  web  (say  3.81  in.). 

-  Assume  f  <  f ' . 

V/  w 

-  Determine  position  of  N.A.;  0,  and  M. 


- 


■■•  :v . 

<  S.d)  X  r : 


.  (  .<  '  t  '»?.)  tf8W  Or 


Strai n 

Distribution : 
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\  nterna I 
Forces : 


Ti  =  Affy 


T 

T4 

C 


fy+w  x 


3.8! 


(13.95  -  X)tw 


\  _  (6.52  -  X) 

Z  (13.95  -  X)  2 


(6.52 


(6.26  -  X)  x 
(13.95  -  X) 


fy  x  Af 


X 

(13.95  -  X) 


42. OX 
n 


X>+W 


Solving  ns  for  Step  2  gives  X  -  4.49  In. 
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Checking  fc  as  in  Step  2  gives  fc  =  2.78  ki ps/ in.2  < f ^ . 

Then  initial  assumptions  were  correct. 

Checking  accuracy  of  calculations  by  substituting  X  =  4.49  in. 
into  equations  for  T(,  T2,  T3,  T4,  and  C: 

T|  =  I  36. 8  ki ps 

T2  =  44 . 8  ki ps 

T3  =  53. 3  ki ps 

T4  =  25.6  kips 

ST  =  260.5  kips  C  =  262  kips 

Then  check  of  equilibrium  is  satisfactory. 

Determine  0  and  M  as  in  Step  2. 

Summary: 

X  =  4.49  in. 

0  =  0.000132  radians/in.  *4 — - - 

M  =  295  ft. -kips  ■»«*—— — - 

N . A .  lies  in  the  concrete  slab,  yielding  has  progressed  3.81  In. 
up  the  web,  and  fc<fc» 

Step  4:  -  Increment  penetration  of  yielding  of  steel  further  up  the 

web  ( say  7.50  in.). 

-  Assume  f  <  f^ . 

-  Determine  position  of  N.A.;  0,  and  M. 

Step  4  is  carried  out  in  the  same  manner  as  Step  3,  and  yields 
the  fol lowing  results: 


C  '  3 

0  ’r.  . 


,  \  .  ibci  S2  !(  v  5.0 


V9S  '  ' 


V  r  C  JW 


AIO 


Summary: 

X  =  3.96  in. 

0  =  0.000199  radians/in.  - - - 

M  =  323  ft. -kips.  ^ — — 

N.A.  lies  in  the  concrete  slab,  yielding  has  progressed 
7.50  in.  up  the  web,  and  fc<f(l. 

Step  5:  -  Increment  penetration  of  yielding  of  steel  to  a  point,  say, 

9.00  in.  up  the  web. 

-  Assume  fc  <  f£. 

-  Determine  position  of  N.A.;  0,  and  M. 

Step  5  is  carried  out  in  the  same  manner  as  Step  3,  and  yields 
the  following  results: 

Summary : 

X  =  3.70  in. 

0  =  0.000247  radians/in.  -4- _ _ 

M  =  337  ft. -kips.  — - - 

N.A.  lies  in  the  concrete  slab,  yielding  has  progressed  9.00 
in.  up  the  web,  and  fc<fc* 

Step  6:  -  Increment  penetration  of  yielding  of  steel  sufficiently  to 

just  cause  the  extreme  fibres  of  the  concrete  slab  to  reach 
f£  (5.50  kips/in.2). 

-  Assume  that  penetration  of  yielding  of  the  steel  has  not 
progressed  into  the  top  flange  of  the  steel  beam. 
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Determine  the  position  of  the  N.A.;  0,  and  M. 


AJ  ! 


I nterna I 
Forces : 
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nf 
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fy 


x  y  =  o.94oy 
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A  I  2 


T 

T 

T 


2 
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=  My 

=  (17.76  -  I . 940Y ) t  f 

w  y 

=  h.  „  V  ~  4-  _  (6.52  -  0.940Y)  v 

2  x  '  X  '  W  “  - y -  x 

=  X  fy  x  Af 

0.940Y  v  fy  v  42.0  x  0.940Y 
Y  2  2 


tw(6.52  -  0.940Y) 


Equating  the  tensile  and  compressive  forces,  substituting, 
and  solving,  gives  Y  =  3.56  in.,  X  =  3.34  in. 

Since  (X  +  Y)>(dc  +  tf ) ,  initial  assumptions  were  correct. 
Completing  the  solution  as  for  Step  3  yields  the  following 
resu I ts : 

Summary : 

X  =  3.34  in. 

Y  =  3.56  in. 

0  =  0.000351  radians/in. 

M  =  365  ft. -kips.  ~ 

N.A.  lies  in  the  concrete  slab,  yielding  has  progressed 
10.86  in.  up  the  web,  and  f  =  f£. 


Step  7:  -  Increment  penetration  of  yielding  of  steel  to  the  top  of  the 

web . 

-  Determine  the  extend  of  the  penetration  of  p lasti f i cat  ion 
into  the  concrete  slab;  the  position  of  the  N.A.;  0,  and  M. 


00*9  1  9Z'2\ 


A I  3 


I  n+erna I 
Forces : 


t2  =  Awfy 

T  =  x  fv  x  Af 
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C2  =  nf’  x  (6.52  -  I.940Y)  x 

Solving  as  for  Step  6  gives  Y  =  3.26  in.,  X  =  3.26  in. 
Completing  the  solution  yields  results  summarized  as  follows: 
Summary: 

X  =  3.26  in. 

Y  =  3.26  in. 

0  =  0.000384  radians/in.  - 

M  =  370  ft. -kips  - 

N.A.  lies  in  the  concrete  slab,  yielding  is  incipient  in  the 
top  flange  of  the  steel  beam,  and  p I ast i f i cat  ion  has  penetrated 
the  concrete  slab  to  a  depth  of  0.19  in. 

Step  8:  -  Increment  penetration  of  yielding  of  the  steel  beam  to  mid¬ 

depth  of  its  top  flange. 

-  Determine  the  extent  of  the  penetration  of  p I asti f i cation 
into  the  concrete  slab;  the  position  of  the  N.A.;  0,  and  M. 

Solving  as  for  Step  7  yields  the  following  results: 

Summary: 

X  =  3. 19  in. 

Y  =  3.07  in. 

0  =  0.000408  radians/in.  - — — 


M  =  373  ft. -kips  - 

N.A.  lies  in  the  concrete  slab,  yielding  of  the  steel  has 
penetrated  to  mid-depth  of  the  top  flange  of  the  steel  beam. 
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and  p I ast i f i cat i on  has  penetrated  the  concrete  slab  to  a 
depth  of  0.30  in. 

Steg_9_:  -  Increment  yielding  of  steel  beam  to  extreme  top  fibres  of 
top  flange  (i.e.,  all  beam  steel  yielded). 

-  Let  the  strain  in  the  top  fibres  of  the  steel  beam  be  ey . 

-  Determine  the  extent  of  the  penetration  of  p I ast i f i cat  ion 

into  the  concrete  slab;  the  position  of  the  N.A.;  0,  and 

M. 

Solving  as  for  Step  7  yields  the  following  results: 

Summary : 

X  =  3. 12  in. 

Y  =  2.88  in. 

0  =  0.000434  radians/in. 

M  =  Mp  =  376  ft. -kips. 

N. A.  lies  in  the  concrete  slab,  the  top  fibres  of  the  steel 
beam  have  reached  f  and  the  theoretical  plastic  moment  has 
been  reached.  PI ast i f i cat  ion  has  penetrated  the  concrete  slab 
to  a  depth  of  0.42  in. 

Note:  Having  reached  the  situation  described  in  Step  9,  with  all  beam 
steel  completely  yielded,  the  composite  member  will  continue  to  rotate  until 
the  concrete  stresses  in  the  slab  reach  a  failure  configuration.  When  this 
occurs,  the  member  will  fail  by  crushing  of  the  concrete  slab  at  the 
theoretical  ultimate  moment,  Mu.  Mu  can  be  readily  calculated  by  ultimate 
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methods .  ^ 

Thus  far  in  this  solution,  the  calculation  of  rotations  has  been 
dependent  upon  knowing  the  theoretical  distribution  of  strains  through  the 
cross-section  of  the  composite  member.  As  discussed  in  Chapter  3,  this 
approach  is  no  longer  applicable  after  the  entire  steel  beam  has  yielded. 

An  empirical  method  would  therefore  appear  necessary,  to  determine  the 
curvature  of  the  member  immediately  prior  to  failure.  The  latter  part  of 
Step  10  will  be  carried  out  on  the  basis  of  the  proposed  empirical  method 
described  in  Chapter  3. 

Step  10:  -  Assume  that  Mu,  and  the  position  of  the  N.A.  at  failure  (X), 

can  be  calculated  on  the  basis  of  a  rectangular  concrete  stress 
block  at  slab  failure/'^ 

-  Assume  that  the  concrete  slab  will  fail  by  crushing  when 
rotation  has  progressed  sufficiently  to  produce  an  assumed 
limiting  strain  of  0.0038  in. /in.  in  its  top  fibres. 

-  Assume  that  curvature,  0,  of  the  composite  member  immediately 
prior  to  slab  failure  can  be  determined  by  using  the  empirical 
formula:  0  =  ———  radians/in. 

-  Determine  the  position  of  the  N.A.  at  failure;  Mu,  and  0. 
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Assumed  Stress 
Distribution : 


N.k. 


C  *  0.85f«i  x  wc  x  dy( ,4) 
«  0.85^f<l  x  w c  x  X 
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For  equ i I i br l um,  T  =  C. 

Substituting  known  quantities,  and  solving,  gives  X  =  2.44  in., 
du  =  2.08  in. 

d  d  u 

Moment  arm  between  C  and  T  is  dc  +  —  "  ^ — 

Solving  in  the  usual  manner  gives  Mu  =  378  ft. -kips. 

0,  empirically,  = 

X  in. 

0  =  Q/-P-P radians/in.  =  0.001560  radians/in* 

2.44 

Summary ; 

Mu  =  378  ft. -kips.  -4 - — - 

0  =  0.001560  radians/in.  - — 

The  member  has  failed  by  crushing  of  the  concrete  slab. 
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COMPOSITE  ACTION:  The  interaction  between  the  steel  beam  and  the  concrete 
slab  which  results  from  the  transfer  of  longitudinal  shear  between 
these  two  elements. 

FULL  INTERACTION:  The  state  of  complete  composite  action  which  exists 
when  the  amount  of  shear  transferred  between  the  slab  and  the  beam 
is  equal  to  the  shear  computed  for  the  beam  and  slab  considered  as 
a  composite  member. 

PLASTIC  DESIGN:  A  structural  design  method  which  defines  the  limit  of 
structural  usefulness  as  the  load  attained  when  a  sufficient  number 
of  plastic  hinges  have  formed  to  transform  the  structure  under 
consideration  into  a  collapse  mechanism. 

PLASTIC  HINGE:  A  yielded  zone  which  forms  in  a  structural  member  when 
the  plastic  moment  is  applied.  The  member  rotates  as  if  hinged, 
except  that  it  is  restrained  by  a  moment  equal  to  the  plastic  moment. 

PLASTIC  MOMENT  FOR  A  COMPOSITE  SECTION:  The  restraining  moment  which 
exists  at  a  section  in  a  composite  member  after  the  steel  has  com¬ 
pletely  yielded. 

REDISTRIBUTION  OF  MOMENT:  A  process  which  results  in  the  successive 

formation  of  plastic  hinges  in  a  structure  until  the  ultimate  load 
is  reached.  As  a  result  of  the  formation  of  plastic  hinges,  less 
highly-stressed  portions  of  a  structure  may  carry  increased  moments. 

ROTATION  CAPACITY:  The  angular  rotation  (curvature)  which  a  given  cross- 
sectional  shape  can  sustain  while  exerting  a  maximum  restraining 
moment,  without  prior  local  failure. 

SHEAR  CONNECTOR:  A  mechanical  device  for  the  transfer  of  horizontal 
shear  from  the  concrete  slab  to  the  steel  beam. 

SLIP:  Relative  horizontal  displacement  between  the  concrete  slab  and  the 
steel  beam  in  a  composite  section. 

ULTIMATE  MOMENT:  The  maximum  restraining  moment  which  a  given  cross- 
sectional  shape  is  capable  of  exerting. 
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UPLIFT:  Relative  vertical  displacement  between  the  concrete  slab  and 

the  steel  beam  of  a  composite  member,  occurring  at  their  interface. 

YIELD  MOMENT:  In  a  composite  member  subjected  to  bending,  the  moment 
at  which  an  outer  steel  fibre  first  attains  the  yield  stress  level 
and/or  an  outer  compressive  concrete  fibre  first  reaches  f<L. 


’  ■  f:  ;.U  '  t  3  !  q  • : 'r*  r  s( 


n  t-  T  .  C*  ,tr  j«,  -  '  •  J  *•  ••  r  o  ;  V  1 

..  '  -•  '■''■■  • 


